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1. Introduction

A submerged entry nozzle (SEN), a tube-shaped device com-
posed of refractory, is used to conduct molten steel from the tun-
dish to the mold during continuous casting of steel. During the
process, the SEN serves to protect the melt from oxidation and
to stabilize the casting process. However, a gradual build-up of
solid materials on the inner wall of the SEN may lead to so-called
clogging, which can seriously deteriorate the steel quality, and
even cause a disruption in the operation.

Great research efforts have been under-
taken to understand and control the clog-
ging. The following mechanisms have
been proposed as the reason for clogging:
1) transport/deposit of nonmetallic inclu-
sions (NMIs), i.e., deoxidation and reoxida-
tion products, from the molten steel to/on
the SEN wall;[1–3] 2) thermochemical reac-
tions between the refractory and the melt at
the SEN wall;[4,5] 3) oxidation of steel attrib-
uted to the oxygen being sucked through
the porous refractory wall because of a neg-
ative operational pressure in the SEN;[6]

4) endogenous precipitation of alumina
from the steel due to the reduced solubility
of oxygen at lower temperatures near the
SEN wall;[7,8] and 5) solidification of the
steel on the SEN wall.[9,10] Although increas-
ing recent evidence has suggested that the
deposition of NMIs on the SEN wall is
the primary cause of the clogging,[11–14]

one still cannot rule out the other mecha-
nisms. For example, the metallographic

analyses of as-clogged SEN samples exhibited approximately
50 vol% of frozen steel in the clog material,[15,16] which raises a
question regarding the role of solidification in the clogging: does
clogging originate from solidification, or does the clogging cause
the solidification? In a previous study, the current authors discov-
ered that molten steel with superheat of 10–20 K and flowing with
a velocity of approximately 1m s�1 through a preheated SENwould
never solidify.[17] Most probably, the solidification occurs in con-
junction with other mechanisms, e.g., as-captured steel in the
porous region of a clog network may also be prone to solidification.

The objective of this study was to comprehensively study
the possibility of solidification and its role in clogging of an
engineering-scale SEN. A transient clogging model has already
been developed for this purpose[18,19] and evaluated against a lab-
oratory experiment (clogging simulator).[15] The model simulated
the mechanism of NMI transport/deposition on the nozzle wall.
The clog was treated as a porous network constructed from as-
deposited NMI particles. However, the morphology of the porous
network cannot be modeled, and must be set as a model input.
The clog morphology can be described using three parameters:
the diameter of alumina particles (dp), the average volume frac-
tion of the particles ( f̄ p), and the diameter of large pores (Dpore),
all of which have to be determined through a post-mortem anal-
ysis of the as-clogged nozzle. Therefore, an alternative modeling
approach was taken in the current study. The 3D structure of a
clog, obtained by performing X-ray tomography on an as-clogged
SEN, was constructed and directly utilized in the model. Instead
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Metallurgists are embroiled in a debate on the role of solidification in submerged
entry nozzle (SEN) clogging during continuous casting of steel: does clogging
originate from solidification, or does clogging cause the solidification? This study
tries to clarify this debate. An enthalpy-based mixture continuum model is used
to simulate solidification in a clog structure. The 3D structure of the clog is
reconstructed using X-ray tomography images of an as-clogged piece in an SEN,
and is directly used in the numerical model. The flow and solidification in the
open pores/channels of the clog structure are then calculated. The modeling
results demonstrate that although solidification does occur deep in the clog
structure as the melt flow is stopped, a gap remains between the solidification
and clog fronts. This gap signifies an open-channel clog region, and the clog
structure in this region needs to be mechanically strong to withstand the impact
of the melt flow; otherwise, fragmentation occurs. The study verifies that the
solidification cannot occur before clogging if the molten steel has sufficient
superheat and the SEN is properly preheated. A SEN made of an isolating
refractory material can postpone the clogging, thereby extending its service life.
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of tracking the clog growth dynamically, the clog was assumed to
follow a step-wise growth pattern with a predefined procedure
and morphology, so that the melt solidification in the channels
of the porous network, in response to the progress of the clog
front and the different cooling conditions in the SEN, can be
investigated with high resolution.

2. Modeling

2.1. Description

As shown in Figure 1a, the 3D structure of an as-clogged piece in
an SEN, formed during continuous casting of ultra-low carbon
steel, was obtained with X-ray tomography. The clog was com-
posed of alumina and other nonmetallic phases, which formed
a porous network with open pores/channels, a majority of which
were connected to each other. The porous region of the clog can be
assumed to be filled with steel, either in the liquid or solid state,
during the clogging process. The minimum open pore/channel
size was approximately 0.19mm and the average size of the open
pores was roughly 1.2mm. However, the X-ray tomography reso-
lution could not sufficiently capture the structural details inside
the clog, e.g., nonmetallic particles that help in the buildup of
the clog at a scale of a few μm. A representative segment
(6� 6� 6mm3) of the clog structure, extracted from the X-ray
tomography results, was utilized in the flow and solidification
model.

As shown in Figure 1b, the calculation of the whole SEN is
not feasible, because an extremely fine mesh, of the order of
0.1mm, is required to resolve the flow and the thermal field
inner porous region of the clog. In a practical scenario, the inner
diameter of the SEN would be ϕ 70mm. As a result, the whole
SEN, with a diameter of 70mm and a height of 420mm, assum-
ing a clog thickness of 6 mm, would require �165million
computational cells. Therefore, only a sector of the SEN, measur-
ing 10�, was simulated in this study (Figure 1b). The global flow
and solidification pattern in the SEN was assumed to be quasi
axis-symmetrical. The considered SEN height (420mm) was par-
titioned into 35 sections. The calculation starts from section 1.

The converged calculation result on the bottom surface (outlet)
of each section was set as the inlet (top surface) boundary condi-
tion for the next section. Each section height was set as 12mm,
which is two times the height of the extracted clog segment
(Figure 1a). Therefore, the extracted clog segment (6mm) was
twinned and fitted into the fluid domain (section height of
12mm) as a part of the clog. To maintain the continuity of
the flow channels in the clog passing through the section border,
the structure of the clog segment was further twinned/mirrored
on the horizontal plane. Similarly, the growth of the clog was also
modeled by vertically mirroring the clog segment in a step-wise
manner from the SEN wall in toward the center.

Figure 2 shows the mesh in a part of the calculation domain.
The different material zones are marked in different colors.
A uniform hexahedron mesh was considered for the clog region,
whereas a tetrahedron mesh (not shown in the figure) was con-
sidered for the SEN center. The flow and solidification calcula-
tions were performed only for regions inside the SEN, i.e., the
so-called fluid domain, which includes the steel (liquid, mush,
and solid) and the clog, and only heat transfer calculations were
performed for the SEN wall. The computational cells in the fluid
domain were initialized with liquid steel (free to flow). Additional
treatment was performed for the clog cells, where the velocity
was set as zero and thematerial properties were set same as those
of the clog (alumina). It is known that liquid steel can solidify,
i.e., first transform into a solid–liquid mixture (mushy zone),
then into solid steel. An average mesh size of 0.12mm was used
in our study and the total number of cells in the computation
domain was 828 900. The sensitivity of the calculation result
to the mesh quality is discussed in Section 4.

The other model assumptions/simplifications were as follows:
1) The clog grows in a step-wise manner, and with uniform thick-
ness from the SEN wall. 2) The clog growth is a slow process in
comparison to the solidification; for a given clog thickness,
a quasi-steady-state solidification profile can be achieved. 3) The
clog has a rigid and stable structure, i.e., any fragmentation/
detachment is ignored. 4) The SEN wall is considered as being
composed of a solid material with uniform thermo-physical
properties.

Figure 1. 3D reconstruction of the clog structure and configuration of the calculation domain. a) X-ray tomography image of an as-clogged piece;
b) schematic of the clogging process in a SEN and the configuration and partitioning of the calculation domain.
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2.2. Governing Equations

The conservation equations for mass, momentum, and enthalpy
are listed in Table 1. A shear–stress transport k–ω model was
considered for the turbulence.[20] An enthalpy-based mixture
continuum model was adopted for calculating the solidification
by assuming the variation in the liquid volume phase ( f l) as a
linear function of the temperature.

f l ¼
ðT � T solÞ
ðT liq � T solÞ

(1)

where T liq and T sol are the liquidus and solidus temperatures.
The end terms of Equation (4)–(6) given in Table 1 are source
terms, which are defined to mimic the damping effects of the
mushy zone. They are calculated as

Sϕ ¼ �ð1� f lÞ2
ð f lÞ3

μ

6� 10�4ðλ1Þ2
ϕ (2)

where λ1 is the primary dendrite arm spacing of the as-solidifying
steel. ϕ can be the velocity~u, the kinetic turbulence energy k, or
its specific dissipation rateω.[21] If a cell is occupied by the clog, f l
in this cell is set as 0.0, which means that the cell is completely
solid (same as solid steel). By setting f l ¼ 0.0, ϕ is forced to zero.

In the enthalpy equation (Equation (7)), the last term on the
right-hand side represents the latent heat release due to solidifi-
cation, where the fraction solid (f s) is equal to 1� f l. This latent
heat source term is only valid for the computation cells occupied
by steel. For the clog-filled cells, the source term is set as 0.0. In
other words, the clog is treated as “solid steel” but with different
thermo-physical properties.

2.3. Simulation Settings

In this study, the casting of low-carbon steel was simulated.
The clog material was alumina, as it is the main component
found in as-clogged structures during continuous casting of
low-carbon steels.[16] The properties of the different materials
are listed in Table 2. The thermo-physical properties of alumina
and the SEN refractory are quite constant across the tempera-
ture range used in normal operations. However, the density,
viscosity, and thermal conductivity of the steel have to be con-
sidered as temperature-dependent, as shown in Figure 3.
The SEN wall is usually composed of a mixture of different
refractory materials. A numerical parameter study was per-
formed by varying the thermal conductivity values according
to the typical SEN refractory materials used in the industry.

Figure 2. Enmeshment of the calculation domain. Only a part of the cal-
culation domain is presented for better visualization. Material zones are
marked in different colors: SEN wall in green, clog in gray, solid steel in
dark gray, mushy zone in magenta, and molten steel in light green.

Table 1. Governing equations for fluid flow and heat transfer.

Conservation equations Symbol definition

Mass ∇ · ðρ~uÞ ¼ 0 (3) ρ: density [kg m�3]
μ: viscosity [kg m�1 s�1]

t: time [s]
~u: velocity [m s�1]

k: turbulence kinetic energy [m2 s�2]
ω: specific dissipation rate of
turbulence kinetic energy [s�1]

Γk , Γω : diffusivity for k and ω [kg m�1 s�1, kg m�2]
G̃k , Gω : generation of turbulence kinetic energy

for k and ω [kg m�1 s�3, kg m�2 s�2]
Yk , Yω : dissipation of k and ω [kg m�1 s�3, kg m�2 s�2]

Dω: cross-diffusion term of ω [kg m�2 s�2]
Sk , Sω , ~Su: source terms in the mushy

zone [kg m�1 s�3, kg m�2 s�2, kg m�2 s�2]
h: sensible enthalpy

T: temperature
λ: heat conductivity

L: latent heat
f s: solid fraction

Momentum ρ ∂~u
∂t þ∇ ⋅ ðρ~u~uÞ ¼ �∇pþ ∇ ⋅ ðμ∇~uÞ þ~Su (4)

Turbulence kinetic energy ρ ∂k
∂t þ∇ ⋅ ðρk~uÞ ¼ ∇ ⋅ ðΓk∇kÞ þ G̃k � Yk þ Sk (5)

Specific dissipation rate ρ ∂ω
∂t þ ∇ ⋅ ðρω~uÞ ¼ ∇ ⋅ ðΓω∇kÞ þ Gω � Yω þ Dω þ Sω (6)

Enthalpy ∂
∂t ðρhÞ þ ∇ · ðρ~uhÞ ¼ ∇ · ðλ∇TÞ þ Lρ ∂f s

∂t (7)
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Notably, as only one set of the enthalpy equation was solved for the
whole fluid domain, the numerical study was conducted using the
same specific heat settings for both the clog (alumina) and steel.

For the SEN outer wall (Figure 1b), which is exposed to
the atmosphere, a combined convection heat transfer and
radiation boundary condition was applied. The convection
heat-transfer coefficient and free-stream temperature were
set as 80Wm�2 K�1 and 573 K, respectively. The radiation
emissivity was 0.7.[22] It was assumed that the SEN inner wall
had perfect contact with steel, i.e., there is no heat transfer resis-
tance. The front and back faces of the calculation domain were
set as symmetric planes.

During continuous casting, the melt flow rate should be kept
constant to satisfy a constant casting speed, which is achieved
through an adjustment of the stopper rod position or the slide
gate in the SEN whenever clogging occurs. In our numerical
model, the melt mass flow rate through the SEN was imposed
as a constant value at 1.58 kg s�1. The flow boundary for the first
section inlet was set as a fully developed flow pattern with a con-
stant mass flow rate (1.58 kg s�1) and a constant temperature
(1822 K). For the subsequent sections, the inlet boundary

conditions of the current section were defined based on the outlet
data of the previous section. At the outlet of each section,
a pressure-outlet boundary condition was set for the flow and
a zero-gradient condition for the temperature.

The governing equations were solved using a commercial
code ANSYS-FLUENT. The solidification model was extended
with user-defined functions (UDFs). The computations were per-
formed on a high-performance computer cluster with 30 CPUs
(2.9 GHz), and the computation for each simulation took approx-
imately 8 h.

3. Results

Similar to a previous study,[17] solidification did not occur before
the clog growth in our case with a superheat of 15 K. Figure 4a
shows the temperature profiles along the SEN radial direction
during clogging, where the liquidus and solidus lines indicate
the solidification mushy zone. Without clogging, the maximum
temperature drop at the wall was approximately 2 K, i.e., the tem-
perature remained approximately 13 K above the liquidus. As the
clog thickness increased to 3mm, the minimum temperature at
the SEN wall started to drop below the liquidus. With the prog-
ress of the clogging front, the temperature at the SEN wall
dropped dramatically, indicating that the clog promotes solidifi-
cation. In Figure 4b, profiles of velocity (j~uj), turbulence kinetic
energy (k), and specific dissipation rate (ω) are shown along the
radius of the SEN when the clog thickness is 6mm. It shows that
in the clogging region, i.e., distance smaller than 6mm, velocity
is very small and turbulence is negligible.

The modeling result of the solidification along the SEN wall is
shown in Figure 5. The evolution of the as-solidified region is
presented in terms of the liquidus and solidus isosurfaces,
and their average distances (data points) from the SEN wall

Figure 3. Density, viscosity, and thermal conductivity of steel as functions of temperature. The liquidus and solidus temperatures are shown with
vertical lines. Data are taken from the IDS (InterDendritic Solidification) software[23] assuming that the steel composition corresponds to low-carbon
steel (0.05 wt% C).

Table 2. Thermo-Physical properties of materials.

Steel Alumina SEN refractory

Density [kg m�3] Figure 3 3700.0 2430.0

Viscosity [Pa s] Figure 3 – –

Specific heat [J kg�1 K�1] 700.0 700.0 1416.56

Thermal conductivity [Wm�1 K�1] Figure 3 35.0 18.0, 11.0, 6.0

Liquidus temperature [K] 1807.0 – –

Solidus temperature [K] 1789.0 – –

Latent heat [kJ kg�1] 243.0 – –
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are presented. The gray areas indicate the standard deviation.
Here, as a model assumption, the clog thickness is constant
for the whole length along the SEN. Representatively, the solidus
(blue) and liquidus (red) isosurfaces, together with the porous
structure of the clog, are shown for the very first and last sections.
In the first section, the temperature in the clog region is so high
that the solidus isosurface does not appear.

In the upper part of the SEN, the thickness of the as-solidified
region increased with the distance from the SEN top. In the lower
part, the thickness became almost constant at distances larger
than 300mm from the SEN top. Similarly, the standard deviation
of the isosurface position decreased with the distance from
the SEN top. The solidus and liquidus isosurfaces became flatter,
i.e., the solidification stabilized in the lower part of the SEN.

Figure 6 shows the clog growth and its effect on the melt
flow and solidification. The two isosurfaces, solidus (blue) and
liquidus (red), divide the calculation domain into three regions:

solid steel (behind the solidus), mushy zone, and liquid steel
(in front of the liquidus). The streamlines illustrate the flow field.
As the melt mass flow rate across the whole SEN section was kept
constant and the inner flow area decreased with the clog growth,
the velocity magnitude of flow increased. The flow streamlines in
the bulk of the SEN were vertical and parallel. Inside the clog
region, the melt penetrated and flowed through the open
pores/channels in the clog structure. In the solidification mushy
zone, the flow was still visible but very weak.

Detailed information on solidification and flow field inside the
clog is shown in Figure 7 on a vertical surface when clog thick-
ness is 6 mm. Due to the steady-state simulation, the tempera-
ture of steel and clog is identical. Inside the clog, flow is very
slow and turbulence is damped. Turbulence is high on the clog
front where the bulk flow meets the rough clog front.

To study the influence of the SEN refractory material on the
solidification during clogging, a numerical parameter study was

Figure 4. a) Influence of clog growth on the temperature profile and b) profiles of flow variables for clog thickness of 6 mm along line AA in the middle of
the last calculation section (35). Here, the thermal conductivity of the SEN refractory is 18.0Wm�1 K�1.

Figure 5. Solidification profile along the SEN wall in the vertical direction as the clog grows to 6mm. The solidus and liquidus isosurface positions
(distances from the SEN wall) are plotted. The data points show the averaged liquidus and solidus positions, whereas the gray areas portray the standard
deviation. Here, the thermal conductivity of the SEN is 18.0 Wm�1 K�1.
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performed by varying the material’s thermal conductivity (λSEN)
values. Figure 8a shows the thickness of the as-solidified region
as a function of the clog thickness for the three SEN materials
with λSEN¼ 6.0, 11.0, and 18.0Wm�1 K�1. In all the cases, the
thickness of the as-solidified region increased with the clog.
The smaller the thermal conductivity, i.e., more isolating the
SEN refractory material, the thinner the as-solidified region.
In Figure 8a, a dotted line is plotted representing the position
of the clog front. By evaluating the distance between the clog
front and the solidification front (isosurface; with f s ¼ 0.7),
a so-called open-channel clog thickness can be obtained. In the
open-channel clog region, the flow was active and there was nil
(f s ¼ 0.0) or only partial solidification (0.0 ≤ f s < 0.7). As shown
in Figure 8b, during the clogging, the open-channel clog thickness
was almost constant but strongly dependent on the SEN refractory
material. The more isolating the SEN refractory material, the
larger the open-channel clog thickness. The open-channel clog

thickness is believed to be an important parameter for the analysis
of the clog stability, or the fragmentation and detachment, which
is further discussed in following section.

4. Discussion

One of the concerns in the current model is its sensitivity to the
computational cell size. To reproduce the clog structure with the
best resolution, the cell size should be similar to or even smaller
than the pixel size used in the original X-ray tomography
(�0.022mm). In such a case, for the considered section in
Figure 1b, the number of cells would have to be set at 54million,
which would increase the simulation time excessively. Therefore, a
relatively coarse mesh with a cell size of 0.12mm was used. This
cell size seems reasonable, because it is fine enough to resolve the
narrow channels (�0.19mm) of the clog structure, when the

Figure 6. Solidification process in response to the clog growth. a–f ) The clog thickness is 3, 6, 9, 12, 15, and 18mm. The modeling results are presented
for only the last section (35). The solidification regions are indicated by the solidus (blue) and liquidus (red) isosurfaces. The flow field is denoted by
streamlines, and the velocity magnitude [m s�1] is shown in color scale. For better visualization, the results for only half of the calculation domain are
shown. Here, the thermal conductivity of the SEN is 18.0 Wm�1 K�1.
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number of cells is set as approximately 0.8million. A comparison
between the modeling results obtained using the finest mesh
(�0.022mm) and the coarse mesh (�0.12mm) is shown in

Figure 9. The average temperature difference between these cases
is only 0.032%, and the liquidus and solidus isosurface positions
are also almost identical in both the cases. That means

Figure 7. Calculated fields on a vertical surface when clog thickness is 6 mm: a) temperature, b) solid fraction, c) velocity magnitude, and d) turbulence
kinetic energy. Here, the thermal conductivity of the SEN is 18.0 Wm�1 K�1.

Figure 8. Influence of the SEN refractory material (λSEN ¼ 6, 11, 18Wm�1 K�1) on the solidification during clogging. The thickness of the as-solidified
region is defined as the distance between the SEN wall and the isosurface (f s ¼ 0.7). a) The thickness of the as-solidified region as a function of clog
thickness, where a dotted line is plotted as a reference for the clog front position; b) open-channel clog thickness, i.e., the distance between the clog front
and the solidification front (isosurface with f s ¼ 0.7).
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solidification is not changed by mesh refining. Therefore, the cell
size of 0.12mm is fine enough to ensure the calculation accuracy
of the solidification. The flow fields, illustrated by streamlines, are
slightly different between the two cases. This difference seems
ignorable for the solidification occurring in very deep clog regions.

It has been believed that the main mechanism for the occur-
rence of clogging is the gradual deposition of NMIs on the SEN
wall and on the clog front.[11,13,14] A previous study on SEN clog-
ging at the microscopic scale has shown that clogging is a highly
transient and self-accelerating process, i.e., the clog growth rate
increases with time.[18] The clogging process includes the initial
coverage of the nozzle wall by the NMI particles, the evolution
of a bulged clog front, and then the development of a branched
structure. According to the self-accelerating nature of the clogging
process, the time intervals for the development of the same clog
thickness in Figure 6 should not be equal. The assumption of uni-
form clog thickness along the SEN wall might not be valid, espe-
cially in the late stages of the clogging when a large area of the SEN
section is occupied by the clog. However, the focus of the current
work is not to trace the growth kinetics of the clog, but to study the
solidification, which occurs in response to the clog growth. The
clog thickness along the SEN wall would never be uniform and,
hence, the solidification behind the clog front would also be non-
uniform, but themodeling results with respect to the solidification-
clog relation should be valid, i.e., the calculated as-solidified shell
thickness in response to the developing clog front should be valid.

In the current study, it was assumed that the clog structure is
stable, rigid, and can withstand the drag force of the melt flow,
and that there is no clog fragmentation. It is known that the

position of the stopper rod must be continuously adjusted (up
and down) during the continuous casting process to compensate
for the clog growth/fragmentation and to maintain a constant
melt flow rate. This fact implies that the clogging and fragmen-
tation occur alternatively. Occasionally, the clog structure itself
may be very weak, even breakable with a finger touch. If the clog
is reinforced by as-solidified steel, the clog region becomes sta-
ble.[10] According to the modeling results shown in Figure 8b,
only the open-channel clog region, where there is no solid steel,
may be sensitive to fragmentation andmore prone to detachment
due to the impact of the melt flow. Hypothetically, the numeri-
cally calculated open-channel clog thickness may serve as an indi-
cator for the development of clog fragmentation. The critical
thickness required for the open-channel clog region to withstand
the drag force of the melt flow may depend on the clog mechani-
cal strength, the clog chemical composite (e.g., Al2O3), the clog
morphology, or even the cast steel grade. However, further study
is required to verify this hypothesis.

The current modeling result (Figure 8) demonstrates that an
SEN with thermally conductive refractory material is prone to
solidification, and solidification helps stabilize the clog structure.
Conversely, it can be expected that an isolating refractory mate-
rial may extend the service life of the SEN, because of the large
thickness of the open-channel clog region and its susceptibility to
fragmentation. This is similar to the case when a well-preheated
SEN is used. The use of the isolating-material SEN and the
well-preheated SEN postpones the solidification of steel within
the clog structure. It was observed in a steel plant that a SEN
treated with enhanced preheating favored delayed clogging.[9]

Figure 9. Comparison of modeling results using a) the finest mesh and b) the coarse mesh, where blue and red isosurfaces show the solidus and liquidus,
respectively. The temperature fields on a vertical plane are also compared for c) the finest mesh and d) the coarse mesh; the white lines represent the clog
structure on the selected cross-section and the black lines denote the solidus and liquidus. The black surface is the inner wall of the SEN.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2020, 91, 2000230 2000230 (8 of 9) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.steel-research.de


The current numerical study is based on only one clog struc-
ture, shown in Figure 1a. The key features of the clog structure
that influence the solidification are its porosity, size, and volume
fraction of the open pores/channels. The exact mechanism
through which the clog structure and its features depend on
the alloy/process conditions, such as the cast steel grades, pre-
treatment of the melt, and the type and amount of NMIs is still
not clear. A study of the clog structure and its dependency on the
steel grade and other process conditions would be an interesting
subject for future research. Moreover, a study of the mechanical
strength of the clog structure, which withstands the impact of the
melt flow (and prevents fragmentation), would be another inter-
esting subject. Clog growth and fragmentation are two sides of
the same process and exert mutual balance. According to the
modeling results shown in Figure 6–8, the clog structure must
have sufficient mechanical strength to withstand the melt flow
before it is stabilized by solidification. If the mechanical strength
of the clog structure is too low (prone to fragmentation), an open-
channel region with sufficient thickness will never develop
before the solidification occurs. Again, the mechanical strength
of the clog would depend on the alloy/process conditions as well.

5. Conclusions

An enthalpy-based mixture continuum model was used to study
solidification in an as-clogged structure of an SEN during contin-
uous casting of steel. This study contributes to the literature by
clarifying a confusing point in a debate on the role of solidification
in SEN clogging: whether the SEN clogging originates from the
solidification, or does the clogging cause the solidification. The
main conclusions of the study are as follows: 1) Solidification can-
not occur before clogging if the molten steel has sufficient super-
heat (e.g., 20 K) and the SEN is properly preheated. Solidification
plays a role in stabilizing/strengthening the clog structure. This
statement supports a previous study by the current authors.[17]

2) Solidification occurs deep in the porous network of the clog
structure as the melt flow stops. A so-called open-channel clog
region exists in front of the solidification front, and has to be
mechanically strong enough to withstand the impact of the melt
flow; otherwise, the clog undergoes fragmentation. The calculated
thickness of the open-channel clog region, depending on the clog
structure (porosity, size, and volume fraction of the open pores/
channels), can serve as an indicator of the fragmentation. 3) A SEN
composed of an isolating refractory material can postpone the
clogging and hence extend its service life.
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