metals

Article

Effect of a Channel-Type Tundish Filter on Molten Steel
Cleanliness and Casting Stability During the Continuous
Casting of Ultra-Low-Carbon Steel

Zhihong Liu *, Lijun Xu, Xuebing Wang and Yang Wang

W) Check for updates

Academic Editor: Hisaki Watari

Received: 6 July 2026

Revised: 18 August 2026

Accepted: 19 August 2026
Published: 12 October 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

China Iron and Steel Research Institute Co., Ltd., Beijing 100081, China
* Correspondence: 1_honly@163.com

Abstract

Al,Os-based inclusions in Ti-bearing ultra-low-carbon steel readily promote stopper-rod
accretion and submerged entry nozzle clogging, thereby impairing molten steel cleanliness
and casting stability. This study evaluated the performance of an LGTF11 channel-type
tundish filter as an alternative to a conventional weir-dam flow-control system under full-
scale industrial conditions. A simultaneous two-strand comparison was conducted during
a representative six-heat DR07 slab-casting sequence. Filter performance was assessed by
total oxygen and nitrogen analysis, automated ASPEX inclusion statistics, small-sample
electrolytic extraction, SEM-EDS, filter-deposit characterisation, stopper-rod monitoring,
submerged entry nozzle inspection, and hot-rolled product assessment. The filter reduced
the mean total oxygen content from 24.0 to 19.0 ppm, a decrease of 20.8%. The total
inclusion number density decreased from 28.3 to 12.9 particles mm 2, while the A O3-type

inclusion density declined from 9.0 to 5.1 particles mm 2

, corresponding to reductions
of 54.4% and 43.3%, respectively. Reduced nozzle accretion, more stable stopper-rod and
mould-level control, and a decrease in the hot-rolled warping-defect rate from 6.7% to
3.4% were also observed. These findings demonstrate the practical potential of the filter;
however, they are derived from one representative industrial case and require validation

across additional steel grades, tundish configurations, and operating conditions.

Keywords: tundish filter; ultra-low-carbon steel; molten steel cleanliness; Al,O3 inclusions;
continuous casting stability

1. Introduction

Ultra-low-carbon steels are widely used for automotive sheet, domestic-appliance panels,
and deep-drawing applications because of their excellent formability and stringent surface-
quality requirements. Production generally involves aluminium deoxidation and, for Ti-
bearing grades, titanium alloying, which readily generate fine Al,O3-based inclusions and
Al-Ti-O composite oxides. These high-melting-point inclusions are irregular and readily
agglomerate. If they are not removed before the molten steel enters the mould, they may
deposit on the stopper-rod tip and the inner wall of the submerged entry nozzle, progres-
sively reducing the effective flow area and causing stopper-position drift, nozzle clogging,
mould-level fluctuations, and inclusion-related defects in cast slabs and rolled products [1-3].
Reducing the inclusion load entering the submerged entry nozzle is therefore essential for
improving both molten steel cleanliness and continuous-casting stability.

The tundish is the final metallurgical reactor before molten steel enters the mould and
is responsible for flow distribution, temperature homogenisation, inclusion flotation, and
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the prevention of secondary contamination. Conventional flow-control devices, including
weirs, dams, baffles, and turbulence inhibitors, can redistribute bulk flow, suppress short-
circuiting, reduce dead zones, extend the effective residence time, and promote inclusion
flotation and separation [4-11]. Multi-hole and multiorifice tundish filters have also been
investigated as a means of modifying the local flow field and increasing the probability
of inclusion removal [12-15]. However, most previous studies have focused on numer-
ical simulations or physical models of flow, residence-time distribution, and predicted
inclusion-removal efficiency [12-15], whereas systematic full-scale industrial evidence
remains limited. In particular, few studies have linked filter-induced flow modification
with total oxygen, inclusion populations in molten steel and cast slabs, deposits retained
within the filter, submerged entry nozzle accretion, and casting stability. Reported effects
of channel number, arrangement, inclination, and casting speed further indicate that filter
performance depends strongly on channel geometry and operating conditions and cannot
be attributed solely to mechanical interception [12-15].

To address these gaps, this study investigates a channel-type tundish filter developed
for the continuous casting of Ti-bearing ultra-low-carbon steel. The filter forces molten steel
through multiple large-diameter cylindrical channels arranged in a side-inlet/upward-
outlet configuration. Unlike conventional weir-dam devices, which primarily regulate
macroscopic flow, the channel-type filter combines bulk-flow redistribution with controlled
inclusion-wall interaction. The extended flow path is intended to suppress short-circuiting
and increase effective residence time, while the channel geometry and threaded internal
surfaces increase the available contact area and the probabilities of inclusion—inclusion and
inclusion-wall interactions [4,12-15]. The working hypothesis was that improvements in
molten steel cleanliness and casting stability arise from the combined effects of flow-field
redistribution, inclusion collision and agglomeration, flotation and slag absorption, and
adsorption or retention on the channel walls, rather than from simple mechanical intercep-
tion. This hypothesis was evaluated using three-dimensional numerical simulation and a
full-scale two-strand industrial comparison incorporating total oxygen and nitrogen mea-
surements, ASPEX inclusion statistics, small-sample electrolytic extraction, filter-deposit
characterisation, and observations of stopper-rod and submerged entry nozzle accretion.

2. Industrial Trial Conditions and Research Methods
2.1. Industrial Trial Conditions

Industrial trials were conducted on a two-strand slab continuous caster producing ultra-
low-carbon steels. The principal grades, DX53D, SPHETi-3, and DR07, are high-aluminium,
high-titanium Ti-bearing steels that are particularly sensitive to molten steel cleanliness and
casting stability. Control of Al;Os-type and Al-Ti-O composite oxide inclusions is challenging,
and plant operation has been affected by submerged entry nozzle clogging, stopper-rod
accretion, restricted sequence length, and inclusion-related surface defects in rolled products.
The channel-type tundish filter was therefore evaluated in several industrial campaigns, with
the DRO? trial selected as the representative case examined in detail.

A simultaneous comparison between two strands supplied by the same tundish was
conducted during the representative DR07 trial. The operating conditions are summarised
in Table 1. The tundish was 7800 mm long, 1500 mm wide, and 1300 mm high. The
turbulence inhibitor had an internal diameter of 540 mm, and the baffle wall was 100 mm
thick. Both strands used an IF-steel mould flux, and an ultra-clean covering flux was
applied to the tundish.
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Table 1. Main operating conditions of the industrial trial.
Item Parameter
Trial caster No. 2 slab continuous caster at a steel plant
Trial steel grades DX53D, SPHETI-3, DRO7, etc.
Key steel grade analysed DRO7 ultra-low-carbon steel
Ladle steel mass 260 t
Number of sequential heats 6 heats
Ladle-shroud immersion depth 200-300 mm
Tundish capacity 60t
Comparison strand Strand 3, conventional weir-dam configuration
Filter strand Strand 4, double dam wall + channel-type tundish filter
Tundish steel mass at the start of casting Approximately 35 t
Normal tundish liquid level during casting Approximately 1.0 m
Cast slab section size 230 mm x 1450 mm
Casting speed 1.25 m/min
Mould flux IF-steel mould flux
Tundish covering flux Ultra-clean covering flux

The same-tundish paired comparison was designed to minimise variations in ladle
steel cleanliness, chemical composition, temperature, casting sequence, tundish level, and
other operating conditions. Strand 3 retained the conventional weir-dam arrangement
and served as the reference, whereas Strand 4 was equipped with the channel-type filter.
Samples from the impact zone, upstream of both casting zones, characterised the common
incoming steel cleanliness before treatment by the two flow-control configurations. Dif-
ferences between the two casting zones therefore primarily reflected the combined effects
of the respective configurations. However, because the structures were not interchanged
between strand positions, a residual effect of strand location or local tundish asymme-
try cannot be excluded. Filter performance was assessed by comparing steel cleanliness,
inclusion populations, nozzle morphology, and casting stability between the two strands.

The chemical composition and temperature of the tundish steel in the representative
DRO07 sequence are given in Table 2. All compositions are expressed as mass fractions.

Table 2. Chemical composition and temperature of tundish molten steel in the representative DR07
trial heats.

Heat Chemical Composition [wt.%] Temperature

C Si Mn P S Alt Als Ti [°Cl]
1 0.0012 0.0038 0.0637 0.0110 0.0023 0.0696 0.0573 0.0623 1561
2 0.0014 0.0042 0.0836 0.0115 0.0024 0.0654 0.0580 0.0627 1555
3 0.0012 0.0045 0.0744 0.0112 0.0023 0.0628 0.0606 0.0643 1554
4 0.0014 0.0032 0.0840 0.0126 0.0022 0.0676 0.0610 0.0612 1555
5 0.0012 0.0046 0.0652 0.0114 0.0021 0.0647 0.0625 0.0652 1555
6 0.0013 0.0041 0.0804 0.0113 0.0023 0.0637 0.0616 0.0633 1556

2.2. Structure and Arrangement of the Channel-Type Tundish Filter

The filter was installed between the impact and casting zones, directly beneath the
baffle wall, so that molten steel entering the filter-side casting zone was required to pass
through the internal channels. The side-inlet/upward-outlet arrangement redirected the
flow, extended the molten-steel flow path, weakened direct short-circuiting towards the
outlet, and directed part of the flow towards the upper region of the casting zone, thereby
promoting inclusion flotation and absorption by the tundish covering flux.

As shown in Figure 1, the LGTF11 channel-type filter was selected to satisfy the geometric
and throughput requirements of the industrial tundish. The trapezoidal filter block conformed
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to the tundish geometry and could be installed securely beneath the baffle wall. Its upper-edge
length, lower-edge length, width, and height were 920, 860, 260, and 350 mm, respectively.
The filter was manufactured from a carbon-containing composite refractory and contained
11 cylindrical channels, each 68 mm in diameter. The channels maintained the required
throughput while redirecting the flow, extending the flow path, and promoting the upward
transport of inclusions. Their threaded internal surfaces increased the effective contact area
among molten steel, inclusions, and refractory material, thereby enhancing inclusion-wall
collision, adhesion, and retention. The LGTF11 filter was therefore designed to combine
macroscopic flow-field control with local inclusion—-wall interactions.

ez

Figure 1. Physical structure and on-site installation of the channel-type tundish filter: (a) appearance
of the filter; (b) on-site installation.
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2.3. Sampling Scheme

As shown in Figure 2, samples and observations were obtained from the tundish
impact zone, the two casting zones, the cast slab, the filter element, and the submerged
entry nozzle to evaluate the effects of the channel-type filter on molten steel cleanliness,
inclusion control, and continuous-casting stability. The defect rates of the corresponding
hot-rolled products were also compared.

Casting zone Impact zone | __Longnozzle Casting zone
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Figure 2. Schematic of the sampling positions used in the industrial tundish-filter trial.

The first, third, and sixth heats of the six-heat sequence were sampled. When approxi-
mately 100 t of molten steel remained in the ladle, TOS and bucket samples were collected
from the two casting zones and the impact zone, respectively, for oxygen, nitrogen, and
inclusion analyses.

For each strand, a full-thickness slab section measuring 230 mm x 1450 mm x 120 mm
was taken from the head of the third cut length of the third heat. A 40 mm layer adjacent to the
flame-cut surface was removed by sawing. Specimens measuring 20 mm x 20 mm X 20 mm
were then prepared by wire electrical discharge machining from the quarter-width positions
on both sides of the inner arc for ASPEX analysis. The corresponding cast-slab sampling
positions are shown in Figure 3. Cylindrical specimens measuring ¢10 mm x 120 mm were
also prepared for small-sample electrolytic extraction.

230

yar dnrg
/ N /!
ans /
1/4 Width 1450 1/4 Width

Figure 3. Sampling positions in the cast slab.

After casting, one or two pieces of the filter element were recovered during tundish
overturning. The channel morphology and attached deposits were examined, followed by
chemical analysis. The submerged entry nozzles were also removed and photographed to
assess clogging and accretion.

Table 3 summarises the trial configuration, sampling scheme, specimen scope, ana-
lytical methods, and evaluation objectives. The first, third, and sixth heats represented
the initial, intermediate, and final stages of the six-heat sequence. Tundish-steel analyses
were based on these three independently sampled heats, whereas cast-slab ASPEX and
small-sample electrolytic extraction were performed on specimens from the third heat only.
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Table 3. Summary of the industrial trial, sampling, and characterisation scheme.

Experimental Component

Comparative or
Sampling Scheme

Sampling Scope or
Replicate Basis

Analytical Method
or Indicator

Evaluation Objective

Industrial trial platform

No. 2 two-strand slab
continuous caster; DR07
ultra-low-carbon steel
selected as the
representative grade

Six sequential heats

Full-scale industrial
paired comparison

Evaluation of the
industrial applicability of
the channel-type

tundish filter

Comparative strand
configuration

Strand 3: conventional
weir-dam configuration;
Strand 4: double dam wall
plus LGTF11
channel-type filter

Simultaneous operation in
the same tundish

Same-tundish paired
comparison

Reduction of the influence
of steel grade, ladle
condition, temperature,
and upstream

refining variations

Common casting

Ladle steel weight: 260 t;
tundish capacity: 60 t;
slab section:

230 mm x 1450 mm;

Applied to both strands

Process—parameter

Confirmation that the two
strands were compared

conditions casting speed: recording under essentially identical
1.25 m/min; ladle-shroud operating conditions
immersion depth:
200-300 mm
Tundish impact zone,
Eggt‘i]r?ntzlzrril :;eér_dam Characterisation of
" & zone, . First, third, and sixth incoming steel cleanliness
. . filter-equipped casting . TOS samples and bucket )
Tundish-steel sampling heats; three independently and comparison of the two
zone; samples collected samples

when approximately 100 t
of molten steel remained
in the ladle

sampled heats per location

flow-control
configurations

Total oxygen and
nitrogen analysis

Samples collected from
the three tundish zones

n = 3 heats per location

oxygen-nitrogen—
hydrogen analyser (Model
ONHB836, LECO
Corporation, St. Joseph,
MI, USA)

Evaluation of
oxide-inclusion level,
sampling stability,
protective casting
conditions, and possible
secondary oxidation

ASPEX analysis of
tundish steel

Metallographic specimens
prepared from tundish
bucket samples

First, third, and sixth heats

ASPEX Explorer CeBg
system (Thermo Fisher
Scientific, Waltham, MA,
USA); three 36 mm? fields
per surface; four surfaces
per sample (432 mm?
total); minimum detected
particle size: 1 pm

Quantification and
classification of total,
Al O3-type, Al-Ti-O,
calcium aluminate, and
TiN inclusions

One slab sampled from
the head of the third
cut-to-length slab of the

Determination of whether

third heat for each strand: Third heat only; two ASPEX analysis of the improvement in
Cast-slab ASPEX analysis specimens obtained from, sampling positions 20 mm X 20 mm x 20 mm  tundish-steel cleanliness

tllze two quarter-width per strand specimens was transferred to the

positions on the cast slab

inner-arc side

Specimens obtained from ir(r;raallc—tsigr:grlledeéeggglyhc Morphological and
Small-s‘ample electrolytic the .q.uarter-w1dth. Third heat only SIGMA 300 SEM—EDS composu}one}l
extraction and SEM-EDS positions of the third-heat (Carl Zeiss AG characterisation of

slabs from both strands Oberkochen dermany) representative inclusions

Stopper-rod and
nozzle observations

Real-time stopper-rod
displacement recorded
during casting;
submerged entry nozzles
removed after casting

Entire representative
casting sequence

Stopper-position curves
and post-casting
visual examination

Evaluation of stopper-rod
accretion, nozzle clogging,
and casting stability
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Table 3. Cont.

. Comparative or Sampling Scope or Analytical Method . L
Experimental Component Sampling Scheme Replicate Basis or Indicator Evaluation Objective
One to two filter-element . Direct assessment of
Morphological

Filter-deposit analysis

pieces collected during
tundish overturning
after casting

inclusion adsorption and
retention in the
filter channels

Post-casting examination observation and wet
chemical analysis

Hot-rolled product
assessment

Products corresponding to Assessment of the
the conventional strand
and filter strand were and defect rate product-quality effect of
statistically compared

7349t fgr the Defective-product mass downstream
conventional strand and

735.1 t for the filter strand . N
filter application

Note: n denotes the number of independently sampled heats unless otherwise stated. Tundish-
steel analyses were conducted for the first, third, and sixth heats, whereas cast-slab ASPEX and
small-sample electrolytic extraction were based on the third heat only.

2.4. Recording of Process Parameters and Casting Phenomena

Casting behaviour was documented throughout the trial, with particular attention
to real-time stopper-rod displacement as an indicator of accretion. After casting, the
submerged entry nozzles from both strands were removed, and their inner-wall deposits,
effective flow areas, and accretion conditions were compared.

2.5. Total Oxygen and Nitrogen Analysis

Total oxygen (T.O.) and nitrogen were measured to assess steel cleanliness and the
stability of protective casting. Samples from the impact zone characterised the incoming
steel before it entered the two casting zones, whereas samples downstream of the conven-
tional weir-dam and channel-type filter configurations were used to compare their effects.
Total oxygen served as an indirect indicator of the overall oxide-inclusion level, while
nitrogen was monitored as an auxiliary indicator of sampling variability, protective-casting
performance, and possible secondary oxidation or nitrogen pickup.

During the DRO7 trial, TOS samples were collected from the tundish impact zone,
conventional weir-dam casting zone, and filter-equipped casting zone. Before analysis,
surface scale and regions in direct contact with the sampler were removed by machining
and grinding to minimise surface oxidation and sampling contamination. The specimens
were then ultrasonically cleaned in absolute ethanol, dried, and stored in sealed containers.

Total oxygen and nitrogen were measured using a oxygen—nitrogen analyser (Model
ONHB836, LECO Corporation, St. Joseph, MI, USA) based on inert-gas fusion. The manufacturer-
specified analytical ranges were 0.05 ppm-5.0 wt.% for oxygen and 0.05 ppm-3.0 wt.% for
nitrogen. Before each batch, the instrument was calibrated using certified steel reference
materials spanning the expected concentration range. Instrument blanks and calibration-check
samples were also analysed to confirm baseline stability and calibration validity. Identical
specimen-preparation and analytical procedures were applied to all samples.

2.6. Automated ASPEX Analysis of Non-Metallic Inclusions

An ASPEX Explorer CeBg automated scanning electron microscope equipped with an
energy-dispersive X-ray spectroscopy detector (Thermo Fisher Scientific, Waltham, MA,
USA) was used for automated inclusion analysis of tundish-steel and cast-slab samples. The
system was employed to determine the number density, size distribution, morphology, and
elemental composition of non-metallic inclusions. Bucket samples were sectioned by wire
electrical discharge machining into 20 mm x 20 mm x 20 mm specimens. All specimens
were ground and polished following the same metallographic preparation procedure to
obtain flat and clean surfaces suitable for automated SEM-EDS analysis.

Automated ASPEX analysis was conducted at an accelerating voltage of 20 kV and
a working distance of 10 mm. For each independently prepared surface, three fields of
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36 mm?

were scanned, corresponding to an analysed area of 108 mm? per surface. Four
surfaces were analysed for each sample, giving a total analysed area of 432 mm?. The
minimum detectable equivalent-circle diameter was 1 um. Particles satisfying the preset
backscattered-electron contrast threshold were automatically identified, and their size,
position, morphology, and elemental composition were recorded.

Inclusions were classified from their SEM-EDS compositions. Al- and O-rich particles
were classified as Al,Os-type inclusions; particles containing Al, Ti, and O as Al-Ti-O
composite oxides; particles containing Ca, Al, and O as calcium aluminates; and particles
containing Ti and N as TiN. The inclusion number density for each surface was calculated
by dividing the number detected by the scanned area of 108 mm?. The reported value for
each sample was the mean of four independently prepared surfaces. The relative standard
deviation among the four surfaces was approximately 15%.

2.7. Small-Sample Electrolytic Extraction and Characterisation of Representative Inclusions

Non-metallic inclusions were extracted using a non-aqueous organic small-sample
electrolytic method. Cylindrical specimens measuring ¢10 mm x 120 mm were prepared
by wire electrical discharge machining from the quarter-width positions of the third-heat
slabs produced by the conventional and filter-equipped strands. After grinding, all surfaces
except the designated working surface were sealed with an insulating coating to restrict
anodic dissolution. The specimens were then ultrasonically cleaned in absolute ethanol
and dried.

A diphenylguanidine-triethanolamine-methanol electrolyte containing 1.5 wt.%
tetramethylammonium chloride, 8 wt.% triethanolamine, 6 wt.% glycerol, 0.8 wt.%
diphenylguanidine, and balance absolute methanol was used. The steel specimen served as
the anode and a platinum mesh as the cathode. The electrolyte was maintained at 0-10 °C
in an ice-water bath to limit heating and minimise dissolution or alteration of the extracted
inclusions. Argon was continuously supplied to displace oxygen and prevent oxidation.
Electrolysis was conducted at a constant current density of 20 mA cm~2 for 8 h.

After electrolysis, the electrolyte and all rinsing solutions were combined to min-
imise particle loss. The suspension was vacuum-filtered through a 0.4 pm polycarbonate
membrane, which was rinsed with absolute ethanol to remove residual electrolyte and
soluble products. After drying and carbon coating, the retained inclusions were examined
using a ZEISS ZIGMA 300 field-emission scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany) equipped with an energy-dispersive X-ray spectrometer. Repre-
sentative three-dimensional morphologies and elemental compositions were compared
between the conventional and filter-equipped strands.

2.8. Analysis of Deposits Retained on the Filter Element

To identify material captured by the filter, deposits attached to the internal chan-
nel surfaces were recovered during tundish overturning after casting. Their morphol-
ogy was examined, after which the material was crushed, ground, and analysed by
wet-chemical methods.

2.9. Numerical Simulation of Molten-Steel Flow and Inclusion Transport

A three-dimensional computational fluid dynamics model was developed to examine
the effects of the channel-type filter on molten-steel flow, heat transfer, residence-time
characteristics, and inclusion transport. Two computational domains reproduced the
principal dimensions of the industrial tundish and the respective arrangements of the
conventional weir-dam and channel-filter configurations. The model comprised the con-
tinuity, Navier-Stokes momentum, energy, turbulence-transport, species-transport, and
Lagrangian particle-motion equations [5,8,12,15-17].
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2.9.1. Continuous-Phase Flow, Heat Transfer, and Tracer Transport

Molten steel was treated as an incompressible Newtonian fluid with constant ther-
mophysical properties. Turbulence was described using the standard k—& model, with
effective viscosity expressed as the sum of molecular and turbulent contributions. The
turbulent kinetic energy, k, and dissipation rate, ¢, were obtained from their respective
transport equations [18]. Heat transfer was calculated from the three-dimensional energy
equation, and heat losses through the free surface and refractory walls were represented by
prescribed overall heat-transfer coefficients [5,8,19].

The density, dynamic viscosity, thermal conductivity, and specific heat capacity
of molten steel were set to 7200 kg-m~3, 0.0062 kg'm~'-s71, 26 W m~1.K~!, and
700 ] kg~1-K~!, respectively. The overall heat-transfer coefficients at the free surface, bot-
tom, long wall, and short wall were 15, 14, 40, and 40 W-m 2K 1, respectively. The inlet
temperature was 1829 K. Outlet flow rates were calculated from the slab cross-section
of 230 mm x 1450 mm and a casting speed of 1.25 m'min~!. The inlet turbulent kinetic
energy and dissipation rate were specified as ki, = 0.01uin? and €, = 33.33k; 1, respectively.
The principal thermophysical properties and thermal boundary conditions are summarised
in Table 4.

Table 4. Principal physical parameters used in the tundish simulation.

Parameter Value
Molten steel density 7200 kg/m3
Thermal conductivity of molten steel 26 W/(m-K)
Dynamic viscosity of molten steel 0.0062 kg/(m-s)
Specific heat capacity of molten steel 700]/(kg-K)
Gravitational acceleration 9.81 m/s?
Overall heat transfer coefficient at the free surface 15 W/(m?K)
Overall heat transfer coefficient at the bottom wall 14 W/(m?-K)
Overall heat transfer coefficient at the long wall 40 W/ (m?-K)
Overall heat transfer coefficient at the short wall 40 W/(m?-K)
Inlet turbulent kinetic energy 0.01u,2
Inlet turbulent kinetic energy dissipation rate 33.33ki, 1°
Inlet temperature 1829 K

After the continuous-phase solution had converged, a passive tracer was introduced
at the ladle-shroud inlet and transported through the tundish using the species-transport
equation. Tracer concentration at each outlet was monitored as a function of time to
determine the residence-time distribution for the conventional weir-dam and channel-
filter configurations [8,9,16,17]. The tracer was assumed not to affect the density, viscosity,
temperature, or velocity field. This passive-scalar treatment avoided disturbances arising
from tracer-induced density differences, which can influence predicted residence-time
distributions and dead-volume fractions [16].

A steady flow field was assumed because casting speed, stopper-rod opening, tundish
level, and inlet and outlet flow rates remained approximately constant during the normal
casting period considered. Short-term variations associated with ladle changes, casting-speed
adjustment, stopper-rod movement, and tundish-level fluctuations were neglected [5,8,12,20].
The molten-steel free surface was assumed to be flat; transient deformation and interaction
with the covering flux were not resolved. The results therefore represent characteristic flow
and transport under stable casting conditions and should not be extrapolated directly to
transient stages such as ladle changes or rapid level variations [20].
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2.9.2. Inclusion-Particle Tracking and Boundary Conditions

After convergence of the continuous-phase solution, inclusion trajectories were cal-
culated using a one-way-coupled Lagrangian particle-tracking method. The equation of
motion included fluid drag and the combined effects of gravity and buoyancy. Turbulent
dispersion was represented using the discrete random walk model [19,21]. Because the
inclusion volume fraction was low, particle feedback on the continuous phase was ne-
glected. Particle-particle collision, agglomeration, breakup, and changes in particle size or
composition during transport were not explicitly modelled [17,21,22].

Inclusions were represented by 100 um spherical particles. This size was selected to
represent relatively large inclusions or agglomerated clusters and to permit direct comparison
of transport and flotation under the two flow-control configurations [12,14,15,17,21]. The fixed
spherical size simplified the calculation and isolated the effect of flow-field redistribution.
Industrial inclusions nevertheless span broad distributions of size, morphology, density, and
composition and may undergo collision, agglomeration, fragmentation, and compositional
evolution [21-23]. The calculated trajectories should therefore be interpreted as representative
rather than as a complete description of the industrial inclusion population.

Once the continuous-phase solution had converged, particles were injected uniformly
across the ladle-shroud inlet. Their initial velocity and temperature were set equal to those
of the incoming molten steel. A total of 5000 particles were released for each tundish config-
uration, and the discrete-random-walk calculations were repeated using 5000 independent
random-number seeds to reduce stochastic variability.

Particles reaching the molten-steel free surface were treated as captured, represent-
ing flotation to the steel-slag interface followed by absorption into the tundish covering
flux [4,8,12,14,21,24]. A free-surface capture efficiency of 100% was prescribed. This ide-
alised boundary condition terminated a trajectory when the particle reached the surface
but did not resolve interfacial deformation, wettability, capillary forces, slag viscosity, or
re-entrainment. The calculated free-surface capture should therefore be interpreted as an
upper-bound estimate under the assumed stable-interface condition [24].

The rebound condition was applied only to the ordinary tundish lining, including
the sidewalls and bottom. In this model, “tundish wall” does not include the internal
surfaces of the filter channels. Because the conventional lining and carbon-containing filter
material differ in composition, interfacial characteristics, surface structure, and metallurgi-
cal function, particle interactions with the two surfaces were treated separately [12,14,15].
Particles striking the ordinary lining were assumed to rebound, whereas particles reaching
the filter-channel surfaces were treated as retained within the filter region.

Retention at the filter-channel surfaces was an idealised representation of capture. No
adhesion model incorporating impact velocity, particle size, refractory wettability, contact
angle, interfacial tension, or surface roughness was included. Consequently, the calculated
retention should not be interpreted as an exact prediction of the intrinsic adsorption
efficiency of the filter material. The particle model was used principally to evaluate flow-
field redistribution, migration towards the free surface, transport through the channels, and
the probability of particle—filter contact. Actual inclusion adsorption and accumulation were
assessed by combining the simulated transport behaviour with post-casting observations
and chemical analysis of deposits recovered from the filter [12,14,15,23].

Particles captured at the free surface or retained on the filter-channel surfaces were
classified as removed, whereas those passing through the tundish outlets were classified as
escaped. The total predicted removal efficiency was calculated as follows:

Ntotal = (Nsurface *+ Niitter) /N injected X 100%
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where Ngysface is the number of particles captured at the free surface, N, is the number
retained on the filter-channel surfaces, and Nijjecteq is the total number injected. The
contributions of flotation and filter-surface retention were also evaluated separately.

2.9.3. Numerical Implementation, Mesh Independence, and Model Validation

The computational domains were discretised using structured hexahedral mesh cells,
with local refinement applied in the regions of the ladle-shroud inlet, flow-control devices,
filter channels, free surface, and outlets to improve the resolution of local flow features.
The governing equations were solved in ANSYS Fluent 2018 (ANSYS, Inc., Canonsburg,
PA, USA) using the finite-volume method. A pressure-based solver was adopted for the
incompressible Navier-Stokes equations, and pressure-velocity coupling was handled
using the SIMPLE algorithm. The calculations were considered converged when the
normalised residuals of all solved variables decreased below 10~#, and the monitored
outlet flow rates and representative velocity values reached stable values.

Mesh independence was evaluated using three mesh levels, namely coarse, medium,
and fine meshes, with cell numbers of the same order of magnitude as approximately
300,000. The maximum velocity, mean residence time, dead-zone volume fraction, and
particle-removal efficiency were selected as key monitoring parameters. The differences in
these parameters between the medium and fine meshes were less than 5%, indicating that
the numerical results were insensitive to further mesh refinement. Therefore, the medium
hexahedral mesh was adopted for the subsequent simulations to achieve an appropriate
balance between computational accuracy and efficiency.

The numerical procedure was benchmarked against published particle image velocime-
try (PIV) measurements of free-surface flow in the inlet region of a 12-strand tundish [25].
As shown in Figure 4, both profiles accelerated away from the ladle shroud and then decel-
erated towards the sidewall. The measured peak velocity was approximately 256 mm s~!
at 56 mm, whereas the calculated peak was approximately 222 mm s~! at 60 mm, corre-
sponding to a peak-velocity deviation of approximately 13% and a peak-position difference
of about 4 mm. Although the model underestimated the sharp experimental peak, it repro-
duced the overall profile, the position of the high-velocity region, and the downstream de-
cay. The remaining discrepancy was attributed primarily to the steady Reynolds-averaged
Navier-Stokes treatment, the flat-free-surface assumption, uncertainty in inlet turbulence,
and temporal and spatial averaging in the PIV measurements. Because the reference data
were obtained for a different tundish geometry, this comparison benchmarked the numeri-
cal procedure rather than directly validating the present industrial tundish. The model was
therefore considered suitable for comparative assessment of tundish flow, residence-time
behaviour, and inclusion transport.

2.10. Assessment of Hot-Rolled Products

Hot-rolled DRO7 products corresponding to the trial heats were tracked, and the
warping-defect rate associated with steel cleanliness was determined for the conventional
weir-dam and filter-equipped strands.
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Figure 4. Comparison of the calculated free-surface velocity profile with published PIV data from
Ref. [25] for the inlet region of a 12-strand tundish. The PIV data were digitized from Ref. [25].

3. Results and Discussion
3.1. Stopper-Rod and Submerged Entry Nozzle Conditions

Al,Oz-based inclusions are high-melting, brittle non-metallic particles that require
stringent control during the continuous casting of ultra-low-carbon steel. Their irregular
morphology and high surface energy promote collision, adhesion, and agglomeration into
clusters. After entering the stopper-rod—submerged-entry-nozzle region, these inclusions
can deposit and grow on the nozzle wall, stopper-rod tip, and other near-wall low-velocity
regions. The resulting accretion may reduce the effective flow area, cause stopper-position
drift and nozzle clogging, intensify mould-level fluctuations, and increase the risks of
slag entrainment and inclusion-related surface defects. As accretion becomes more severe,
the stopper-rod opening must generally be increased to maintain constant throughput,
resulting in an upward displacement trend and greater fluctuations [2,3,23,26].

As shown in Figure 5, stopper-rod displacement in the filter-equipped strand remained
comparatively stable and fluctuated within a narrow range; the corresponding mould-level
signal was also stable. These observations indicate smooth flow from the tundish through
the stopper rod and submerged entry nozzle, with limited accretion or clogging. By contrast,
the conventional strand showed a progressive increase in stopper-rod displacement and
substantially larger fluctuations, particularly late in the sequence, indicating increasing
accretion and reduced flow-control stability. The mould-level fluctuation range was also
larger in the conventional strand, with several high-amplitude excursions late in casting,
suggesting less stable nozzle flow and greater surface disturbance in the mould.

The post-casting submerged entry nozzle morphologies shown in Figure 6 support
this interpretation. In the conventional strand, extensive accretion adhered to the inner
wall and outlet region, occupying approximately two-thirds of the cavity flow space and
markedly reducing the effective flow area. The filter-equipped strand exhibited only limited
adhesion, a comparatively clean inner wall, and a largely unobstructed flow passage. Under
the investigated conditions, the channel-type filter therefore reduced the inclusion load
entering the nozzle region and mitigated the deposition of Al,O3-based inclusions in the
stopper-rod and submerged-entry-nozzle region.
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Figure 5. Stopper-rod displacement and mould-level fluctuation during the industrial casting trial.

Figure 6. Submerged entry nozzle morphology after casting: (a) conventional weir-dam strand;
(b) filter-equipped strand.

Opverall, the filter was associated with improved tundish flow, lower inclusion loading,
reduced stopper-rod and nozzle accretion, and more stable stopper-rod and mould-level
control. These improvements may reduce the need for stopper adjustments, operational
intervention, and submerged entry nozzle replacement, thereby supporting longer casting
sequences and improved slab and hot-rolled product quality.

3.2. Variation in Total Oxygen and Nitrogen Contents Before and After Filtration

Figure 7 presents the oxygen and nitrogen results for the representative DR07 industrial
trial. Values are reported as the mean + sample standard deviation for the first, third, and
sixth heats (n = 3). Total oxygen in the impact zone, conventional weir-dam casting zone,
and filter-equipped casting zone was 25.3 & 6.4, 24.0 £ 6.1, and 19.0 £ 6.2 ppm, respectively.
On a paired heat-by-heat basis, filtration reduced total oxygen by 4, 6, and 5 ppm relative
to the conventional casting zone, giving a mean paired reduction of 5.0 £ 1.0 ppm. The
reduction calculated from the mean values was 20.8%.
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Figure 7. Comparison of (a) total oxygen and (b) nitrogen contents in molten steel at different tundish
positions over the sampled heats.

The corresponding nitrogen contents were 24.7 + 5.5,24.7 £ 5.5, and 24.0 £+ 5.0 ppm,
respectively. The small difference between the two casting zones indicates that the im-
provement in cleanliness was associated primarily with lower total oxygen and hence a
lower oxide-inclusion level, rather than with substantial differences in nitrogen pickup or
protective-casting performance.

Thus, the principal compositional change associated with filtration was the reduction
in total oxygen; nitrogen remained essentially unchanged within the heat-to-heat variability.
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In Ti-bearing ultra-low-carbon steel, total oxygen is associated primarily with Al,Os-
type inclusions, Al-Ti-O composite oxides, and other oxide inclusions. Molten steel
entering the filter-side casting zone was required to pass through the channel-type filter.

The altered flow path can extend inclusion residence time and increase opportunities
for collision, agglomeration, flotation, and channel-wall contact. The lower total oxygen
measured in the filter casting zone is therefore consistent with a reduction in the oxide-
inclusion population under the investigated conditions.

3.3. ASPEX Inclusion Analysis
3.3.1. Tundish Molten Steel

Figure 8 and Table 5 compare the inclusion number densities determined by auto-
mated ASPEX analysis. Across the three sampled heats, the mean total inclusion num-
ber density decreased from 28.3 + 21.8 particles-mm 2 in the conventional strand to
12.9 + 9.9 particles:mm~2 in the filter-equipped strand, a reduction of 54.4% based on the
mean values. The mean Al,O3-type inclusion number density decreased from 9.0 £ 5.6 to

2

5.1 & 4.9 particless-mm™*, corresponding to a reduction of 43.3%.
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Figure 8. Inclusion number density under the two flow-control configurations for the (a) first,
(b) third, and (c) sixth sampled heats.

Table 5. Inclusion number density in tundish molten steel under the two flow-control configurations.

Inclusion Type Con‘{entm{ml Filter Configuration Paired Difference
Configuration
Total inclusions 283 + 21.8 129 +9.9 154+ 12.2
[particles-mm™~]
AL Os-type inclusions 9.0 £56 5.1+ 49 39417

[particles~mm’2]

Note: Values are reported as mean + sample standard deviation for the first, third, and sixth heats
(n = 3). Standard deviations represent heat-to-heat variation, and differences were calculated on a
paired heat-by-heat basis.

The relatively large standard deviations reflect heat-to-heat variation in the incoming
inclusion level. Nevertheless, both total and Al,Os-type inclusion number densities were
lower in the filter-equipped strand for each paired heat. The data therefore show a consis-
tent directional improvement, although additional heats would be required for rigorous
statistical inference.

3.3.2. Cast Slabs

Figure 9 and Table 6 present the ASPEX results for cast-slab specimens from the
third heat. The total inclusion number density decreased from 8.0 particles-mm~2 in
the conventional strand to 4.2 particles mm~2 in the filter-equipped strand, a reduction
of 3.8 particles-mm 2 or 47.5%.

The Al,Os-type inclusion number density decreased from 5.2 to 2.3 particles-mm~2, a
reduction of 2.9 particles-mm~2 or 55.8%.

The tundish-steel and cast-slab results indicate that, under the investigated conditions,
the channel-type filter reduced both the overall inclusion population and the Al,O3-type
inclusion population. The slab results should, however, be interpreted as representative

evidence because only the third heat was examined.
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Figure 9. ASPEX inclusion analysis of third-heat cast-slab specimens.

Table 6. Inclusion number density in third-heat cast slabs under the two flow-control configurations.

Sample Inclusion Type Conventional Filter Difference Reduction
p ypP [Particles-mm—2] [Particles-mm 2] [Particles-mm—2] [%]
Total inclusions 8.0 4.2 3.8 47.5
Third-heat slab Al,Os-type 5. 23 29 55.8

inclusions

In Ti-bearing ultra-low-carbon steel, Al;Os-type inclusions and Al-Ti—O composite
oxides are relevant indicators of deoxidation products, secondary oxidation, and inclusion-
control performance. The observed reductions are consistent with combined flow-field
regulation and channel-wall interaction. The impact-zone jet was partially dissipated
before the steel entered the channels; passage through the filter then redirected the flow,
redistributed velocity, weakened short-circuiting, and increased the time available for
inclusion migration [2,8,13].

The channels may also increase local velocity gradients and particle-wall contact,
thereby promoting collision, agglomeration, flotation, and retention. The extended flow
path favours the flotation of enlarged inclusions towards the steel-slag interface, where
they may be absorbed by the tundish covering flux. Because cast-slab characterisation was
limited to the third heat, these results do not constitute a complete statistical assessment of
the six-heat sequence.

3.4. Small-Sample Electrolytic Extraction and SEM—EDS Analysis

Small-sample electrolytic extraction followed by SEM—-EDS was used to characterise
representative inclusions. Figure 10 compares the morphologies and compositions of
inclusions extracted from cast slabs produced by the conventional Strand 3 and filter-
equipped Strand 4.
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Figure 10. Morphology and composition of representative inclusions extracted from cast slabs produced
by the conventional and filter-equipped strands. (a) Conventional strand; (b) filter-equipped strand.

The conventional-strand slab contained irregular, agglomerated Al,O3-rich inclusions,
which are relevant to nozzle clogging and inclusion-related surface defects in ultra-low-
carbon steel. In the filter-strand specimen, fewer large Al,Oz-rich agglomerates were
observed, while representative CaO-rich composite inclusions and fine TiN particles were
also identified. Because this analysis was qualitative and based on third-heat specimens, it
supports but does not independently quantify the ASPEX trends.

The electrolytic-extraction observations were broadly consistent with the ASPEX
results and support the interpretation that the filter promotes the removal of large Al,O3-
rich inclusions through a combination of channel-wall retention and enhanced flotation.

3.5. Chemical Composition of Deposits Retained on the Filter

To assess inclusion adsorption and retention, deposits were recovered from the internal
filter channels after casting and analysed chemically. As shown in Table 7, the representative
deposit contained 38.89 wt.% Al,O3 and 37.74 wt.% CaO, together with 7.19 wt.% MgO
and 10.57 wt.% TiO5.

Table 7. Chemical composition of representative deposits retained on the filter [wt.%].

Al O3 CaO MgO TiO,
38.89 37.74 7.19 10.57
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AlyO3 and CaO were the principal components of the recovered deposit, with smaller
but appreciable MgO and TiO; contents. This composition is consistent with the oxide-
inclusion system expected in the investigated steel and confirms the enrichment of alumina-
rich and calcium-aluminate material within the filter channels. The deposit analysis there-
fore provides direct evidence of inclusion accumulation in the filter region.

The high Al,Os fraction is consistent with inertial collision, adhesion, and progressive
accumulation of alumina-rich inclusions on the channel surfaces. The CaO fraction may
reflect captured endogenous calcium-aluminate inclusions and, potentially, products asso-
ciated with steel-slag interactions. Al-Ti-O composite oxides may also be present in the
Ti-bearing steel. Together with the 43.3% reduction in Al,Os-type inclusion number density
in tundish steel, these results support a combined mechanism of flow-field regulation and
channel-wall retention [23,26,27].

By reducing the load of high-melting, agglomerating inclusions entering the stopper-
rod and nozzle region, the filter may mitigate nozzle clogging, stopper-rod accretion,
mould-level instability, and inclusion-related defects in downstream products.

3.6. Hot-Rolled Product Defect Rate

Table 8 compares warping defects in the hot-rolled DR07 products associated with
the two strands. Of 734.9 t produced from the conventional strand, 49.4 t was classified
as defective, corresponding to a defect rate of 6.7%. For the filter-equipped strand, 25.3
t of 735.1 t was defective, corresponding to 3.4%. The defect rate therefore decreased by
3.3 percentage points, equivalent to a relative reduction of 48.8%. Because the compari-
son represents one industrial sequence, the product-quality result should be regarded as
supportive rather than universally transferable.

Table 8. Warping-defect rates in hot-rolled products from the two strands.

Change in

Hot-Rolled Defective Product o Relative
Strand Product Mass [t] Mass [t] Defect Rate [%] Defect Rate. Reduction [%]
[Percentage Points]
Conventional 734.9 494 6.7
Filter 735.1 25.3 34 -3.3 48.8

4. Mechanisms of Inclusion Removal by the Channel-Type Tundish Filter

In the representative industrial trial, application of the channel-type filter reduced
total oxygen in the casting zone by 20.8%, the total inclusion number density by 54.4%,
and the Al,Os-type inclusion number density by 43.3%. The filter-equipped strand also
exhibited less submerged entry nozzle accretion, while Al,O3- and CaO-rich deposits were
recovered from the filter channels. Collectively, these observations indicate that the filter
modified both the flow field and the migration and removal of inclusions.

The numerical and industrial results support a multi-mechanism interpretation in-
volving flow-field optimisation, inclusion collision and agglomeration, flotation and slag
absorption, and adsorption or retention on the channel walls [4,13,19,28]. The relative
contribution of each mechanism was not independently quantified.

4.1. Flow-Field Optimisation and Increased Residence Time

Molten-steel flow in the tundish strongly influences inclusion-removal efficiency. With
the conventional weir-dam arrangement, the ladle-shroud jet can generate local high-
velocity paths, allowing part of the steel to reach the casting zone with limited metallurgical
residence time. Low-velocity regions may simultaneously form elsewhere, increasing dead
volume and restricting inclusion flotation [4,6,28].
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The simulation indicates that the conventional configuration produced a comparatively
concentrated flow path with local high-velocity channels. In the filter configuration, molten
steel passed through multiple channels before entering the casting zone, extending the
flow path, redistributing velocity, and producing a more uniform flow pattern between the
impact and casting zones.

As shown in Figure 11, the filter weakened direct short-circuiting, extended the
transport path, and increased the time available for inclusion migration and separation.
These changes favour subsequent collision, agglomeration, and flotation.

(b)

Figure 11. Molten-steel streamlines under the two flow-control configurations: (a) conventional

weir-dam; (b) channel-type filter.

The filter should therefore be regarded primarily as a combined flow-control
and inclusion-contact device rather than as a simple mechanical screen. Its contribu-
tion to cleanliness arises from both improved residence-time characteristics and local
particle-wall interaction.
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4.2. Inclusion Collision, Agglomeration, and Growth

Fine Al,O3-type inclusions have low terminal flotation velocities and may not sep-
arate completely within the available tundish residence time. Oxide particles ranging
from several to several tens of micrometres are therefore difficult to remove by buoyancy
alone [9,21,23].

Passage through the filter channels changes the local flow direction and velocity
gradients and may increase turbulent fluctuations. These conditions raise the probability
of inclusion—-inclusion and inclusion-wall contact, thereby promoting agglomeration and
growth [13,14,19].

The high surface energy of Al,O3 promotes agglomeration. As fine particles combine
into larger clusters, their terminal flotation velocity increases, enhancing their probability
of reaching the covering slag or contacting the filter surfaces.

The reductions in total and Al,Os-type inclusion number densities after filtration
are consistent with enhanced removal of alumina-rich inclusions. However, the present
measurements do not independently distinguish agglomeration from flotation or channel-
wall retention.

4.3. Inclusion Flotation and Separation

Final separation of inclusions from molten steel depends principally on flotation to,
and absorption by, the covering slag. Terminal flotation velocity increases with particle
size [4,18,28].

The filter redistributed the tundish flow, reduced short-circuiting, and increased the
time available for flotation. Agglomeration can further increase particle size and terminal
velocity. Inclusions reaching the steel-slag interface upstream or downstream of the filter
may then be absorbed by the tundish covering flux.

Total oxygen decreased from 24.0 ppm in the conventional casting zone to 19.0 ppm in
the filter-equipped casting zone, a reduction of 20.8%. Together with the ASPEX results, this
decrease indicates a lower oxide-inclusion level. The recovered filter deposits show that
some inclusions were retained in the channel region, whereas others were likely removed
through agglomeration, flotation, and slag absorption within the tundish.

Thus, the filter function extends beyond direct capture within the channels and in-
cludes enhancement of the conditions required for inclusion flotation and separation.

4.4. Inclusion Adsorption and Retention on Channel Walls

In addition to modifying the bulk flow and promoting flotation, the filter channels
provide surfaces on which inclusions may be retained.

As molten steel passes through a channel, particle inertia may cause inclusions to
deviate from local streamlines and collide with the refractory wall. Depending on interfacial
tension, wettability, and surface condition, some particles may adhere and subsequently
act as nuclei for further deposition [22,26].

Post-casting examination identified visible deposits adjacent to the filter channels
(Figure 12).

The chemical composition reported in Table 7, together with the decrease in Al,O3-
type inclusion number density measured by ASPEX, provides direct evidence that
alumina-rich and calcium-aluminate material accumulated within the filter channels.
This result supports inclusion adsorption and retention during molten-steel passage
through the filter.
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Figure 12. Morphology of the filter element and attached deposits: (a) overall filter morphology;
(b,c) deposits adjacent to the channels.

5. Conclusions

This study assessed the metallurgical and operational performance of an LGTF11
channel-type tundish filter under full-scale industrial continuous-casting conditions for
Ti-bearing ultra-low-carbon steel. A simultaneous comparison was conducted between a
conventional weir-dam strand and a filter-equipped strand supplied by the same tundish.
Steel cleanliness and casting performance were evaluated using total oxygen and nitrogen
analysis, automated ASPEX inclusion statistics, small-sample electrolytic extraction, SEM—
EDS characterisation, filter-deposit analysis, stopper-rod monitoring, submerged entry
nozzle inspection, and downstream product-quality assessment. The principal conclusions
are as follows.

(1) Under the investigated operating conditions, the channel-type filter improved
molten steel cleanliness. Mean total oxygen decreased from 24.0 & 6.1 to 19.0 £ 6.2 ppm,
corresponding to a reduction of 20.8%. Nitrogen contents were comparable in the two
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casting zones, indicating that the improvement was associated primarily with a lower oxide-
inclusion level rather than with substantial differences in nitrogen pickup or protective-
casting performance.

(2) The ASPEX results confirmed that the filter reduced both the overall inclusion
population and the Al,Os-type inclusion population in the tundish molten steel. The
mean total inclusion number density decreased from 28.3 4 21.8 to 12.9 £ 9.9 particles
mm 2, representing a reduction of 54.4%, while the Al,O3-type inclusion number density
decreased from 9.0 = 5.6 to 5.1 & 4.9 particles mm 2, corresponding to a reduction of 43.3%.
For the third-heat cast slab, the total and Al,Os-type inclusion number densities decreased
by 47.5% and 55.8%, respectively. These results indicate that the improvement achieved in
the tundish was transferred, at least for the representative sampled heat, to the cast slab.

(3) Industrial observations demonstrated that the improvement in steel cleanliness
was accompanied by enhanced continuous-casting stability. The filter-equipped strand
exhibited more stable stopper-rod displacement and mold-level control, while substantially
less accretion was observed on the inner wall of the submerged entry nozzle. In contrast,
deposits in the conventional strand occupied approximately two-thirds of the nozzle-cavity
flow space. These observations indicate that reducing the inclusion load entering the
stopper-rod and nozzle region can mitigate accretion and clogging, maintain the effective
flow area, and improve flow-control stability during casting.

(4) The combined numerical and experimental evidence suggests that the filter operates
through the synergistic effects of molten-steel flow redistribution, extension of the effective
flow path, inclusion collision and agglomeration, flotation and absorption by the covering
flux, and adsorption or retention on the internal channel surfaces. Deposits enriched in
Al,O3 and CaO were identified inside the filter channels, providing direct post-casting
evidence of inclusion accumulation within the filter element. Nevertheless, the relative
contributions of flow-field regulation, flotation, and direct channel-wall capture were
not independently quantified and should not be interpreted as having been conclusively
separated by the present study.

(5) From an industrial perspective, the channel-type filter provides a promising engineer-
ing alternative to conventional tundish flow-control structures for the continuous casting of
inclusion-sensitive ultra-low-carbon steels. In addition to the improvements in molten-steel
and cast-slab cleanliness, the warping-defect rate of the corresponding hot-rolled products
decreased from 6.7% to 3.4%, representing a relative reduction of 48.8%. These results demon-
strate that the filter has the potential to improve both casting continuity and downstream
product quality under industrial operating conditions. However, its performance should
be regarded as specific to the investigated tundish geometry, filter design, steel grade, and
casting conditions rather than as a universally transferable removal efficiency.

The findings should be interpreted in light of the study limitations. The two config-
urations were not interchanged between strand positions, so residual strand-position or
tundish-asymmetry effects cannot be excluded. Tundish-steel measurements covered three
heats, whereas cast-slab and electrolytic-extraction analyses were restricted to the third
heat. The numerical model used idealised 100 um spherical particles, complete free-surface
capture, and simplified particle-wall interactions; the PIV benchmark was obtained from a
different tundish geometry. Further trials with reversed strand configurations, additional
steel grades and casting conditions, broader particle-size distributions, and direct industrial
residence-time-distribution validation are required before the results can be generalised.
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Nomenclature
Symbol/Abbreviation Definition Unit
Al Total aluminium wt. %
Alg Acid-soluble aluminium wt.%
ASPEX Automated scanning electron microscopy-energy-dispersive

X-ray spectroscopy inclusion-analysis system —
CFD Computational fluid dynamics —
EDS Energy-dispersive X-ray spectroscopy —
IF Interstitial-free —
PIV Particle image velocimetry —
RTD Residence-time distribution —
SEM Scanning electron microscopy —
T.O. Total oxygen ppm
k Turbulent kinetic energy m?.s72
€ Turbulent kinetic-energy dissipation rate m?.s3
Uiy, Inlet velocity m-s~!
n Number of independently sampled heats —
Ttotal Total predicted inclusion-removal efficiency %
Nurface Number of particles captured at the free surface —
Niilter Number of particles retained on the filter-channel surfaces —
Ninjected Total number of injected particles —
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