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This work presents the results of the analysis of the turbulent flow inside a Submerged Entry Nozzle and outside the ports of a model using
visualization and PIV techniques. The Submerged Entry Nozzle model consists of a vertical, constant diameter tube with two rounded exit
ports found at the bottom with a downward angle of #ach. The visualization method is the first step in analyzing the characteristics of the
port’s internal and external flow. To enhance the visualizations, a LED light source is employed to illuminate the Submerged Entry Nozzle,
which reduces the reflections in the images. Also, a transparent cell consisting of a cubic volume with reduced dimensions was used to
capture images from the high-speed camera and to record the flow pattern. To calculate the fluid velocity within the Submerged Entry Nozzle
and close to the exit ports, laser-illuminated Particle Imaging Velocimetry was used. We confirm the previously reported formation of vortical
structures closed to the exit ports that interact with each other altering the swirl motion of the exit flow, previously reported. Visualization and
Particle Imaging Velocimetry results were compared with the numerical simulations results. Experimental scaled model and Computational
Fluid Dynamics results were used to enhance the findings of the Submerged Entry Nozzle internal flow. On the other hand, physical model
and Smoothed-Particle Hydrodynamics results were used to expand the information of the jet flow outside the exit ports. Both physical and
numerical results display a high turbulent flow behavior close to and off the exit ports of the Submerged Entry Nozzle. Experimental and
numerical methods may be used together to develop a method to design a better Submerged Entry Nozzle and increase the quality of the ste
slab.
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dynamics.
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1. Introduction Three-dimensional, transient numerical simulations are
used to complement the flow pattern observations and to
The distribution of liquid steel in the mold affects the liquid study the fluid-structure interaction where the liquid steel
steel free surface fluctuations and, therefore, the homogengasses. Other variable include the operating conditions, for
|ty of the COOling process of the slab. So, to improve the Steeéxamp|e, the Casting Speed’ which can be reproduced to un-

quality, it is necessary to visualize and measure the hydrogerstand the fluid dynamics phenomenon [5,8-11,13-17].
dynamic liquid steel behavior inside the mold and inside the

nozzle. However, the study of the phenomena related to the In the continuous casting process, the Submerged Entry
continuous casting process presents difficulties regarding itNozzle (SEN) is used to transfer liquid steel from the tundish
operational conditions. Liquid steel fluid dynamics presento the mold, therefore, it determines the liquid steel flow pat-
some disadvantages considering the elevated temperaturetatn and finally affects the heat transfer process [11,15-18]. A
1,873 K inside the tundish [1,2]. good SEN design is necessary to improve the quality of steel.
As a consequence of the above behavior, the visualizan literature, various SEN models have been proposed to sat-
tion of the process is performed in experimental facilities us4isfy the demand for high-quality steel. For example, based
ing water as the working fluid similarity criterion to obtain on thin slab technology, the angle of the SEN exit ports could
a scaled model of the system [3]. It is a frequent practice talso be directed upward to avoid fluctuations in the liquid-
reproduce the fluid dynamics within the mold using a scaledfree surface [7,19]. Additionally, a larger number of exit
physical model because of the reduced geometrical dimerports have been observed to improve the steel distribution to
sions of the system and ambient temperature to prevent hathe mold [7]. The external geometry of the SEN has changed
ardous conditions during the process [4-13]. compared to the standard model to increase the casting speed
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of the slab [20]. The form of the exit flow was changed with
different shapes in the exit ports to eliminate the vortices on
the SEN flow pattern [12,18,21-23]. These are only some
modifications to the standard shape of the SEN. Proper visu-§
alization and measurement tools need to be implemented tof
differentiate the flow regimes between the modifications of
the internal walls of the nozzles and within the mold as well.
Concerning the approach of design modifications of ex-
ternal SEN geometry that could achieve a quasi-stable flow
condition, they are based on design parameters which allow
a constant flow during castings to be achieved. The SEN re-i
ceived a considerable drag force from liquid steel; however,
it is possible to obtain the necessary conditions within the
SEN volume and therefore on the liquid surface of the mold
[24,25]. With the second approach based on the SEN design,
significant energy savings can also be achieved in the process
The performance of SEN can be evaluated by observa-
thns .Of the exit flow, as well as the flow m.SIde the \{lsu- FIGURE 2. Visualization cell and a standard SEN partially sub-
alization cell. Numerous authors have applied experlmen;7nergeo| in water
tal technigues to observe the flow at the exit ports and have '
used translucent materials to visualize the flow pattern in- : e N
side the mold [9,12,13]. Other authors proposed nur,m_:‘rigransparent solids called allgne_rs f[hat locate the nozzle to
cal algorithms to evaluate the flow behavior within the SENthe rectangular. volume as seen in Figs. 1 and 2. ]
[5,10,11,15,24,26]. However, to the authors’ knowledge, The nozzle is a 1:1/3 scaled model of a conventional SEN

there are no published works devoted to the SEN internal flofPr the continuous casting process of a standard slab. It con-
pattern measurements. sists of two elements, the first one is made of orthophthalic

In the present work, the geometrical, kinematic, and dy_unsaturated polyester resin to obtain the translucent proper-

namic similarity criteria have been used to scale the physicdi€S required to observe the internal flow. The resin is a ther-
model of the SEN [3]. The main aim of the experiment is toMoset and must be cured from the liquid state to the solid

reproduce and analyze the hydrodynamics within the nozzISt@te. This material was chosen based on its transparent prop-
and the way it affects the exit of the flow by the ports. erties after the curing process, ease of molding, machining,
and low production costs. Previously, a wooden mold was

built and the liquid resin with catalyst was poured into the
2. System description mold. The catalyst does not take part in the chemical re-

action, but merely activates the solidification process. After
The experimental installation consists of two systems, thghe resin is clear, the inlet port and the two exit ports can
first one is called a “visualization cell” and is a rectangularpe machined. The second element was built in black poly-
prism, made of translucent anyliC with a thickness of O.OO%Xymethwene, POM, to prevent reflections and is shown in
meters. The square base has 0.135 meters on the side anig. 2. Because of the required displacement of this element,
a helght of 0.200 meters. The lateral walls have reCtangUlafhe bottom of the SEN is constructed as a different part to

characterize the different operating conditions during the life

. ] of the nozzle.

The SEN model has one rounded inlet port of 0.0254 me-
ters of internal diameter at the top and two rounded exit ports,
0.020 meters of internal diameter with-d5° angle of down-
ward inclination, as shown in Fig. 2. The “pool” section has
a bottom part at the base of the outlet ports.

A closed hydraulic circuit was designed to supply the wa-
ter using a 1 H.P. centrifugal pump with a valve to control the
flow rate of the liquid from a 100-liter tank located at the bot-
tom of the experimental rig. The liquid flows into the system
and is measured by a calibrated Dwyer VFC-153 flow meter,
as shown in Fig. 1.

The nozzle discharges the water into the visualization
cell, at the base wall the cell has an outlet bore of 0.00254 m
FIGURE 1. Setup of the physical experiments. in diameter to send back the water to the tank. The pump
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returns the water to the nozzle and the water recirculates itin  When the system is in operation, the flow passes through
a closed-circuit as shown in Fig. 2. the SEN and finally goes to the tank in a closed-circuit. Inside
The second component of the experimental rig consistthe SEN, the flow is split into two in the central lower zone
of an aluminum frame to position the cell in the visualization of the SEN to both exit ports, and the flow from the SEN to
system, which is often used to align the cell with the camerathe visualization cell.
The camera was mounted on the base of a tripod that helped Figure 3 shows the visualization cell and the transparent
to align the camera with the visualization system as seen imodel of a nozzle, the two exit ports, and the pool region in
Fig. 1. the lower region of the cell at four separate times: (a) 0.16
seconds, (b) 0.2 seconds, (c) 0.22 seconds, (d) 0.26 seconds.
. . . Figure 3a) shows how the flow exits the SEN at the first
3. Operation conditions. Experimental setup stage. While the system continues to work, Fig. 3b) shows

During the tests, the operating conditions in the facility Wereyvhen the left jet hits the sidewall of the visualization cell. It

recorded by a weather station in the Applied Hydraulics and> als_o possible to obser_ve that the left jet is Iarge_r than the
. . i . . right jet of the nozzle. Figure 3c) shows that both jets enter
Thermal Engineering Laboratory in Mexico City. The mea- . o :
) . o : the cell visualization cell, while the lateral walls also splash
surements were: relative humidity 56%, atmospheric pres; _ . : .
the internal volume. Finally, Fig. 3d) shows another moment

sure 78,000 Pa, and local temperature 294.15 K. L .

The visualizati I duced in size t hi th when the right jet is larger than the left jet.

€ visualization cell was reduced In size fo achieve the Figure 3 shows in a sequence of four images, that there is

minimum distance between the camera and the nozzle. Thgdi]‘ference between the left and the right exit ports. The left

linear distance between the camera lens and the wsuahzatg})rt sends more fluid than the right exit port at one time and
h

g_eli IS apgr(mmate{\:]y 0.05 lmete(rjst;']is shltl)wn“m F”|g 3. k-)r h e swirl path between the exit ports is opposite, as shown
Istance between the nozzle and the cell walls allows obsefr Figs. 3a) and 3b). 0.22 seconds into the experiments, the

vation of the exit flow and prevents the camera lens from capr, . . . : :
. . . left exit port jet has a lower exit angle than the right exit port,
turing the ‘flickering’ of the bubbles. port) 9 9 P

Th trifuoal beains it i d q thFig. 3c. The aperture angle of the jets on both exit ports are
€ centritugal pump begns 1ts operation and sends INg7 5,4 53 degrees, these measurements are close enough. At
water to the hydraulic circuit at a steady flow of 35 liters per

minute. At the beginning of the test, we observed air bwbbg{g:ifi;zctﬁ,gi; ch'Z f;(:jV;l conditions in both exit ports change

in the system, even in the cell. The system worked for ap- In the supplementary material section, a video of the ex-

proximately 300 seconds to achieve quasi-stable Cond'tlonr[?eriment shows the left exit port, the upstream flow hits the

'tﬂ the ctell and after that time, there were not more bubbles | upper wall of the port and continues to flow. Then, it hits the
e_ls_ys_"em.. he ol ¢ visualizati ithin th q lower wall of the port, the flow begins to hit the walls of the
0 lluminate the plane of visualization within the mod- port and forms a spiral flow structure. The right exit port has

els, a LED Iightd_source_z madel SL)]EL?'FL_ w:tb.180 X q the same flow activity in the opposite direction; however, the
0.140 x 0.100 m dimensions, 20 W of electrical power, and ;¢4 fiow between the exit ports is not the same.

120 of light aperture was used. A DualPower 15-1000 laser In the same video, the size of the jets depends on the mass

source of 150 W was used to illuminate the plane and meaqq,, rate on each port. The jets fluctuate because of the inter-

sure the flow charagteristics in the PI_V tests [27]. _action of the two internal vortexes found in the lower zone of
The water used in the PIV experiments was seeded witly, SEN, first reported by Reat al. in 2006 [17]. The vor-

particle tracers of 1@m diameter void glass spheres COvere‘jtices switch their size, as well as the location inside the SEN,

with silver. _ o _and change the exit flow pattern of the visualization cell. The
The camera used in the visualization and PIV experitinqings reported in 2006 can be assured and the results de-

ments was the Speedsense 9040, with a Nikon lens AF 24sihq in this work are consistent with the same geometrical

85/2.8-4D IF, wh_|ch was configured to capture Phomgra_ph%haracteristics and operational conditions.

of 1600 x 1200 pixels [28]. The total number of images in  ggcayse of the high speed and high resolution of the cam-

each experiment was 2000, the display refresh period Wagrg it is possible to observe the fluctuations in the size of the

0.100 s, and the time between frames was 0.00020 s, with &t jets. The observed data help to explain how these vari-
trigger rate of 500. These settings allowed us to record Woyions are present in the fluid dynamics within the mold. It

seconds of the process. is also possible to obtain the frequency of variations of swirl

directions of the exit jets and it will be compared in future

4. Visualization cell work with the frequency of the free surface variations in the
' mold.

Visualization is the first step to qualitatively analyze experi-

mental results; this step is important to understand the gers_  Analysis by particle image velocimetry

eral fluid flow behavior in the cell. The distance between the

light source and the wall of the cell was 0.5 meters &b The PIV technique was used to measure the velocity field in-
prevent the reflections on the camera. side the SEN. The PIV setup configuration consists of a high-
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FIGURE 3. Images of the SEN flow inside the visualization cell at different times. a) 0.16 seconds, b) 0.2 seconds, c) 0.22 seconds, d) 0.26
seconds of the experiment beginning.

speed digital camera, a laser source to illuminate the expertuations due to the initialization of the system. The parallel
ment, and a PC connected to the trigger module. The highplane at the center of the nozzle is located close to the right
speed camera captures several groups of images in a 4G&it port and is illuminated with the laser source. Once the
camera RAM memory which can record about 8 seconds ofiydraulic system is stabilized, the images are captured with
an experiment at 1000 double frames per second at a restite camera.
lution of 1600 x 1200 pixels. At certain time intervals, the After two seconds, it is possible to observe different
camera communicates with the PC using a gigabit networkhanges in the SEN internal flow dynamics. Different mo-
to transfer storage information from the camera memory, andhents are captured on video to compare and revise the vi-
to store the data on the hard disk of the PC to process thgsualization and measurement of the flow behavior presented
information. in this work, which is representative and was reported previ-
The lateral view of the SEN allows us to observe the in-ously [17].
ternal fluid dynamics with no interferences. With the laser  To do the image preprocessing in the experiment photos
source, it is possible to illuminate a parallel plane to the camPIVlab software was used, it consisted of 6 different methods,
era near the right exit port to obtain the vector field of thethe CLAHE window of 20 pixels size, the highpass kernel
jet. of 20 pixels size, the intensity capping method was enabled
The SEN walls constructed in translucent material carand the window has 3 pixels of size for Wiener2 denoise and
emit reflections, however, a rectangular region at the centdow pass [29]. The auto contrast stretch was also selected
of the images was defined from the top of the nozzle to thén all images. These methods enhance the image contrast and
base of the pool section. The lateral walls of the model andhelp detect the movement of the particles through the images,
the areas around the model were blacked out in the imagEig. 4.
to avoid errors in the PIV measurement and because the re- The PIVIab software was also selected and used to de-
gion of interest is the exit port and the region above the porttermine the vector field, streamlines, and histograms from all
The hydraulic system starts its operation within five minutesthe images [29]. This software obtains detailed results, and
Then itis possible to start the video recordings, to avoid flucthe processing time of images is reasonable. PIVlab software

Rev. Mex. 5. 67 040601
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FIGURE 5. Lateral view of the right exit port of the SEN inside the visualization cell. a) Velocity vectors are superposed in the image to
show the flow pattern behavior. b) Velocity magnitude streamlines superposed on the same image using PlVlab software.

settings were defined as follows: The FFT windows defor-  Figure 5b) shows the streamlines of the flow, obtained
mation method was selected as the main PIV algorithm. Thérom the calculated vector field explained before. The
interrogation area was defined initially as 128 and the sizstreamlines help us understand that the secondary vortex lo-
of each step was defined as 28. Further steps in the algeated at the lower right zone of the exit port is greater than
rithm were selected, the interrogation area was defined abe core region. Because of the size of the vectors, it is not
64, the second step 32, and the third step 16. Gauss possible to identify their direction, but the streamlines show
point method was also defined to use the sub-pixel estimahat the counter clockwise flow is greater than the vector ob-
tion method. The standard correlation robustness method wa®rvation.

selected. Finally, a validation procedure was applied with a  The flow pattern observed in Fig. 5 did not change con-
standard deviation filter threshold of 8 and a local median fil-siderably throughout the video. This flow behavior is related
ter threshold of 3. to the inlet flow velocity and the size of the pool. In this

The vector field calculations algorithm was performedCase, the size of the pool is zero. In an earlier experiment
with the previously selected settings, then vector validatioff€Ported in Reakt al. work, the inlet velocity magnitude
was applied. Finally, the plot appearance was modified tavas increased and reduced by 25 percent [17]. In that exper-
improve the visualization of results. The software calculatedMent, the inlet velocity variations changed the flow pattern
and superimposes the corresponding vectors in each of tA the exit ports and affected the jet flow behavior. Signifi-
images of the recordings. At the top of the images, the downcant changes were also observed when using different depths
ward flow can be seen, in contrast with the bottom region ofn the pool region of the SEN. The pool region reached 0.02

the SEN where two vortical structures are rotating in oppositén€ters in height and the size of the vortex also increased and
directions. affected the position fluctuations at the same inlet velocity. It
Th locit itud in Figs. 5 d5b)is b is worth noting that the internal flow behavior seen and mea-

€ velocity magnitude range in FIgs. a) an )is €Sured in this work is consistent with the previously reported
tween 0 and 3 m/s, the greater flow velocity is located at the " .

i e (Tn literature [5,8,17].

center of the port and the lower velocity gradient is locate
close to the lateral walls of the SEN. The main vortex core
has approximately 1.5 m/s of velocity magnitude and 0.5 m/§5,  Numerical analysis of the behavior in the vi-
is calculated in the secondary vortex core. sualization cell

Figure 5a) shows an image at 1.50 seconds of the record-
ing experiment. At the time, the size of the vortices is almosfTo corroborate the visualization findings and to expand the
equal, the flow swirls mostly clockwise. The observation ofdiscussion of the experimental results, a numerical campaign
vectors at separate times shows that the size of both vorticesing two distinct approaches was conducted. Section 6 is
changed almost at the same time, the size of the lower rightivided into two, the numerical simulation results using the
vortex increased almost to one-fourth of the exit port sizecomputational fluid dynamics, CFD technique, to solve the
The main vortex reached the total size of the exit port at dif-flow dynamics inside the SEN with the OpenFOAM software
ferent moments of the video. The main vortex position moveg$30], and the second part of this section which reports the
downward, and the lower vortex moves upward to reach th&moothed Particles Hydrodynamics, SPH results. The nu-
middle line of the port. merical model was solved to obtain the flow pattern outside
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the SEN. This technique allows us to observe and analyze the
jet flow behavior that exits from the SEN and discharges to a
reduced volume with similar dimensions as the visualization
cell. To solve the numerical model, the GPUSPH software
was used. The results of this technique show that it is pos-
sible to reproduce the high turbulent flow behavior. In this
gualitative analysis the SPH numerical results have multiple
similarities with the physical experiments.

The CFD numerical results were compared using quali-
tative and quantitative information obtained from the exper-
iments reported in this work. The SPH technigue has not
been reported as extensively as CFD in literature. This work
proposed a qualitative comparison of the flow dynamics out-
side the SEN for a standard slab. The quantitative analysis of
the flow dynamics of this system will be presented in further
work.

L)
o

b
o

o

6.1. Numerical analysis using CFD
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In the Computational Fluid Dynamics technique (CFD) the
fluid flow motion is reconstructed numerically by solving the
corresponding energy and momentum transport equations.
The liquid used in numerical simulations was the same as
the one used in physical simulations, water, which is an in-

compressible fluid that displays Newtonian behavior. Sincq:IGURE 6. Streamlines obtained by CFD simulations colored by its

the system works continuously in relatively short time inter-ye|ocity magnitude of the SEN internal flow at= 3.200 seconds
vals, it is reasonable to assume that it operates under isothest numerical simulation.

mal conditions, and so, the energy transport equation can be
omitted. Therefore, the mathematical model to solve comverse flow sections at the exit ports. On that account, the In-
prises only the transient Navier-Stokes equations. letOutlet boundary condition was applied to both SEN exit

Modeling the turbulent flow correctly inside the SEN is ports. The non-slip condition was imposed on all the SEN
crucial for reproducing the oscillating vortices observed inwalls. A mapped boundary condition was set for the SEN in-
the physical experiments presented in this work and previouket to simulate a fully developed turbulent fluid flow pattern.
reports. Reakt al. analyzed the fluid flow patterns inside The average value for the inlet velocity was set as 1.150 m/s.
a bifurcated SEN obtained through unsteady state numerical Numerical simulations showed that the fluid flow pattern
simulations using the — ¢ and the Large Eddy Simulations inside the SEN changes continuously. Nevertheless, the ma-
(LES) turbulence models in Ref. [17]. The authors found thajor features of the flow pattern remain recognizable over time.
the x — e model fails to recover the oscillating behavior ob- Figure 6 shows the flow streamlines on a plane located in
served experimentally inside the SEN. Based on the previoute middle of the SEN. The color of the streamline at a spe-
analysis and the results presented in Shukla & Dewan [31[ific location corresponds with the fluid velocity magnitude
the transient numerical simulations presented in this worlat that point. Direct comparison of Figs. 5 and 6 shows qual-
were carried out with the LES turbulence model, includingitative coincidence between the hydrodynamic behavior ob-
the dynamid®-equation SGS model as scale filtering. served and depicted with the PIV and CFD methods.

The OpenFOAM CFD toolbox was employed to solve the  Figure 6 displays several vortical structures of multi-
governing equations. The Pressure Implicit with Split Oper-ple scales. One vortex, the biggest, almost occupies three-
ator (PISO) method was employed to address the pressurquarters of the SEN bottom zone volume, the other vortex
velocity coupling. The convergence criterion is fulfilled occupies the other quarter. This figure also shows that there
when residuals for all the modeled variables reached valuesre other smaller-scale vortices located above the biggest one.
equal to or less thah x 10~° at the same time step. The physical simulations also showed that there are two lead-

The boundary conditions for the numerical model wereing vortices. The size ratio between the vortices is simi-
set based on the following analysis. In physical simulationslar to the CFD results. The vortices’ cores are at different
the SEN outlet jets discharge the water into the atmospheréeights. In physical simulations, the core of the biggest vor-
Therefore, the atmospheric pressure was prescribed on thex is slightly below the middle of the port, while in numer-
SEN exit ports. Results previously reported in literature andcal simulations, the core height is almost three-quarters of
observations from physical simulations of this work show re-the port’s height.
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FIGURE 7. Velocity magnitude histograms and regions of interest in physical and numerical models a) Histogram obtained from experiments
and b) Histogram from CFD numerical simulations. c) The circular area is defined as a region of interest to obtain the histogram in experiment
and d) The circular area defined as a region of interest to obtain the histogram in CFD numerical simulations.

To quantitatively evaluate the agreement between thé.2. Numerical analysis with smoothed particles hydro-
physical and numerical simulations, histograms of the liquid dynamics
velocity magnitude on two windows of similar areas were
constructed. The histograms are shown in Figs. 7a) and 7b.}

while the interrogation areas are shown in Figs. 7¢) and 7d).rangian particle-based method for simulations of contin-

Both h|stograms have the same scale for_ the liquid Veloc't)gum media. Having its origins in astrophysics the method
magnitude and have the same number of intervals. The num-

ber of samples in the physical simulations and the numericz@pldly spread to applications in engineering and industry

he Smoothed Particles Hydrodynamic method is a La-

simulations is not the same. However, the trend shown b 2]. Among the advantages of the method, it can be men-
. . . ' ioned the easy treatment of the open surfaces and complex
each histogram is very similar to each other.

ualitative similarities are found between the ph Sicalboundaries, explicit integration of dynamic equations in a
Q phy weakly compressible formulation, and the relatively simple

z)nti:#]?e':r:czl ?'gu;igo;]s)O%Lheetgﬁggﬁ:s‘riig&?:;::t;ﬁ?ez'z}nclusion of various physical processes. Despite its popular-
Y , CI9S. A . ty in modeling both confined and free boundary flows its use
both techniques, a bias in the distribution in both histogram

In simulations of th | casting pr is still a novelty.
could also be found. In the PIV technique, the use of a laser simulations of the steel casting process is still a novelty

source produces a high-intensity sheet that intensifies reflec- Recently, Gabbasoet al. have investigated the possibil-
tions that could affect the velocity field determination, in thisity of simulating the process of continuous casting using an
case, there is high frequency in the higher velocity magniopen-source implementation of SPH code, GPUSPH [14]. It
tude region. On the other hand, in numerical simulations, th&as shown that the flow structure is satisfactorily reproduced
boundary conditions, inlet turbulence spectrum, grid topol-when compared with the mesh-based codes. Moreover, the

ogy, and the number of elements affect the precision of th&@umerical parameters and schemes for stable code evolution
results. were determined.
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Time: 0.09 s Velocity Magnitude (m/s) Time: 0.14 s 1 Velocity Magnitude (m/s)
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FIGURE 8. Jet flow emerging from the SEN that impinges to cell walls at different time instances using SPH technique.

In this work, we use the SPH simulations to investigate7. Conclusions
the process of jet formation and enhance the results of the
previous section. The code description and relevant numeria detailed reconstruction of the fluid flow inside and outside
cal parameters are detailed in [14]. The geometry of the SEN transparent scaled SEN model placed inside a transparent
and visualization cell used in simulations match the experivisualization cell was done in this work. Visualization and
mental ones. A constant, parabolic velocity profile was im-PlV techniques were used to analyze the characteristics of the
posed on the inlet with maximum velocity,., = 1.15m/s  internal and external flow of the SEN. CFD and SPH were the
and the jets fell free into the air. The turbulence is modelechumerical techniques used to solve the internal flow pattern
using thex — ¢ turbulence model and semi-analytic bound- and the flow dynamics outside the SEN, respectively.
aries are used for the walls. A detailgd study o_f differgnt SEN A qualitative comparison of the jet flow that exits through
geometries and code parameters will be published in a sepgye SEN was performed between the visualization technique
rate paper. and the SPH numerical results. The flow downs through

the inlet port and reaches the SEN lower region then inter-

In Fig. 7, four-time instants are shown depicting jetsacts with the internal walls, generating a high turbulent flow
emergence and wall impingement that may be qua“tativebzone, also the flow is divided into two streams. FinaIIy, both
compared to Fig. 3. These instants correspond to the transiireams exit the SEN through the exit ports. Once the flow
tion period lasting nearly 0.25 s after which, the jet patterneXits the nozzle, it is possible to observe the asymmetry be-
is established and remains unchanged till the end of the sinfween the left and the right exit ports, because of the gener-
ulation. Concerning the jet shapes, these are narrower arffed turbulence between the exit ports.
concentrated towards the bottom, while the jets seen in the The quantitative comparison is presented between the
experiment have cone shapes and have higher impingemeRtY measurements and the CFD numerical simulations. Ve-
points. locity magnitude histograms are obtained in a circular sec-
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tion inside the SEN in both models and show that the vethe Instituto Poliécnico Nacional.  Numerical simula-
locity field profiles are comparable. The qualitative analysigions and the rest of the physical simulations were de-
shows that it is possible to observe vortexes through the exiteloped in the Laboratorio de @hputo y Visualizad@n
ports of the SEN. Their positions and numbers change peri€ientfica at the Universidad A@homa Metropolitana. This
odically, there are predominantly two at the central plane ofvork was partially supported by Projects of Universidad
the SEN volume, or sometimes, one on the left side of the exifutonoma Metropolitana number 22703022, PRODEP num-
port. These vortices travel vertically along the SEN's planeber 22711777, and by the Instituto Pétihico Nacional num-
and determine the direction of the swirl flow at the exit ports.ber SIP-20201315.

The non-intrusive experimental technique used in this work, The authors also thank the anonymous reviewers who
PIV, contributes to the understanding of flow dynamics in-pointed out important aspects of this research.

side the SEN. To fully restore the fluid dynamics such results

are useful for qualitative and quantitative comparisons witheyndings

numerical simulations.

A novel method based on the qualitative and quantitativeThis study was funded by the Instituto Pétihico Nacional,
analysis between physical and numerical simulation results ithe Universidad Awinoma Metropolitana, and the Consejo
presented in this work. This analysis will be used to exam-Nacional de Ciencia y Tecnolam
ine different operational conditions and as a developmental
method to design and evaluate submerged entry nozzles for@gnflicts of interest
continuous casting process and other turbulent flow systems.
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