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1. Introduction

As shown in Fig. 1(a), in continuous casting (CC) of steel, submerged
entry nozzle (SEN) conveys the melt from the tundish to the mold,
protects the melt from oxidation and stabilizes the CC process. However,
a problem of clogging, i.e. build-up of solid materials on the inner wall of
the SEN, could destabilize the process, hence deteriorate the casting
quality. Another commonly accompanying issue in the clogging process
is the fragmentation, i.e. detachment of fragments from the clog. From
the online-monitored CC parameters, Fig. 1(b), it is found that the
stopper position must be consistently adjusted to maintain the constant
casting speed. When the flow passage inside the SEN is narrowed due to
clogging, the stopper position is raised. In opposite, the lower-down of
the stopper position indicates the occurrence of clog fragmentation. The
detached clog fragments can act as new inclusions, being brought back
into the steel melt. A positive consequence is that those fragments have
relatively large size, are easier to float up and finally captured by the
mold slag at the meniscus. A worse case could also occur, as shown in
Fig. 1(c), that some fragments may go down with the melt flow and be
captured by solidifying shell, leading to serious casting defects [1].
Numerous studies were done for the clogging in different fields of
research [2-5], but in steel continuous casting less attention was paid to
the clog fragmentation during the process.

Previous researches have proposed possible clogging mechanisms:
deposition of non-metallic inclusions (NMIs) [7-9], reaction at the SEN
wall [10-12], and temperature drop of the SEN leading to solidification
of steel or precipitation of alumina [13-15]. Among them, the NMI
deposition on the SEN wall is still considered as the primary cause for the
clogging [16]. Based on previous knowledge, the clogging event can be
divided into the following 6 steps: (a) formation of the first oxide layer
by chemical reactions in the SEN refractory and at the steel-refractory
interface; (b) transport of NMIs by turbulent melt flow; (c) in-
teractions between the flow and the SEN wall, and adhesion of the NMIs
on the SEN wall or on the clog front; (d) clog growth by the NMI
deposition on the clog front and the flow-clog interactions; (e) frag-
mentation/detachment of the clog; (f) solidification of entrapped steel
deep inside the clog.
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Clogging has been studied by experiments and models. In experi-
mental studies, characteristics of different material groups, like clog
[10,17], non-metallic inclusions [2,18] and steel melt [19,20], were
made and they were correlated to clogging phenomena.

Various numerical models have been developed by considering one
or more main steps of clogging: Single-phase-based Eulerian approach
[16,21,22], Eulerian-Lagrangian approach [23-26], and Eulerian-
Eulerian two-phase approach [27,28]. These CFD models used the
already adapted SEN geometry to study clog effects on flow, i.e. a part of
step (d), or to study the transport of NMIs by turbulent melt flow, i.e.
step (b). Computational thermodynamics has also been adopted to
investigate reactions and inclusion formation [7,29-31]. Physical
models using water as analog for steel have also been conducted to study
the effects of as-clog SEN on the mold flow [32,33]. The current authors
have developed a transient model for SEN clogging in steel CC that
covers most critical clogging steps: chemical reactions on the SEN re-
fractory called ‘early-stage’ of clogging [34], i.e. step (a), the clog
growth due to NMI deposition called ‘late-stage’ of clogging [35-37], i.e.
steps (b) - (d), and the possible solidification of entrapped steel, i.e. step
(f). The model was validated with laboratory experiments [35] and its
accuracy and efficiency were verified for industry SENs [37]. Unfortu-
nately, no numerical model for the step (e) fragmentation is available.
Only very few theoretical and experimental analyses about the frag-
mentation were reported [14,38].

In another research discipline, models for the detachment of deposit
(also called ‘re-entrainment’, ‘resuspension’, or ‘removal’) such as soil
particles, dust, and aerosolized drug particles were reported [39].
Nevertheless, there are two main difficulties in the modeling of multi-
layer resuspension: deposit morphology and rupture mechanisms asso-
ciated with the resuspension of large aggregates. There are several
approaches to handle multilayer resuspension, like empirical formulas
[40], force-balance [41], probability density function (PDF) [42,43],
and fully Lagrangian [44]. However, they are not suitable for the
application of real scale clogging in steel continuous casting due to
following reasons: time-dependent sintering bounding between NMIs,
unfeasible tracking of individual NMIs in clog, large size of CFD domain,
and huge number of NMIs in the domain, etc.

Tundish weight

Mouldjevel |
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Fig. 1. Illustration of the clogging and fragmentation phenomena in SEN during CC. (a) Schematic of the multiphase flow, transport of non-metallic inclusions and
clog fragments (b) Online monitoring of CC parameters (tundish weight, mold meniscus level, stopper rod position, casting speed) indicates the occurrence of
clogging/fragmentation events [6], Copyright 2020, European Union; (c) Evidence about the possible entrapment of clog fragments in the solidified steel [1],

Copyright 2008, EDP Sciences.
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In this work a sub-model for the fragmentation during SEN clogging
is proposed, i.e. step (e), and integrated in the comprehensive clogging
model, targeting the engineering process of CC of large domain.

2. Modeling
2.1. Framework of the transient clogging model

SEN clogging usually occurs in two stages: in the ‘early-stage,” the
initial solid layer is built due to chemical reactions and it covers the
refractory surface, and in the ‘late-stage’ the porous medium of clog
grows by the continuous NMI deposition.

A 1D mathematical sub-model is used to calculate the thickness of
the first oxide layer during the early-stage of clogging [34]. In this sub-
model, the melt pressure and composition of the SEN refractory are
considered for calculating the growth rate of the oxide layer in contin-
uous casting of Ti-stabilized ultra-low-carbon (Ti-ULC) steel. The early-
stage of clogging, controlled by melt-refractory reactions, prepares the
surface, for the further deposition of suspended NMlIs during the late
stage of clogging, as shown in Fig. 2. Details of this mathematical
formulation and its combination with late stage clogging model were
explained previously [34].

To model the late stage of clogging an Eulerian approach was
employed to calculate the turbulent melt flow in the SEN and a
Lagrangian approach was used to track the motion of the NMIs. In
addition, a volume-average scheme was used to define the clog as a
porous medium and track the growth of the clog. In this finite volume
model, computational cell can be ‘fully-clogged,” ‘partially-clogged,” or
‘free-of-clog’. In free-of-clog cells, NMIs are transferred in melt flow;
drag, lift, virtual mass, and pressure gradient forces are considered;
random-walk model is used to take turbulence effects into account. In
fully-clogged cells, the flow and turbulence are damped using a Darcy
source term for porous medium. In partially-clogged cells, a uniform
layer of clog is assumed to cover the mutual cell faces with neighboring
fully-clogged cells or wall. When an NMI enters a partially-clogged cell,
it can attach to the clog, if its distance to the front of the clog layer is
smaller than its radius. By the attachment, the NMI is removed from the

3
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partially-clogged cell and its volume is added to the particle volume
fraction of the cell, as shown in Fig. 2. Details of this model can be found
in [35].

2.2. Sub-model for clog fragmentation

The concept of the sub-model for clog fragmentation is schematically
described in Fig. 3. Following the metallographic analysis of as-clogged
SEN [22,45], the clog structure is treated as a porous medium formed by
random deposition of NMI particles, Fig. 3(a). The particles are bound
together by high temperature sintering. When flow passes through the
porous medium, hydraulic (drag) forces acting on the particle network
would lead to a mechanical fracture at the weakest point of the sintering
bound, i.e. fragmentation occurs. In the current clogging model, it is not
feasible to calculate hydraulic forces on such a complex network, and it
is also difficult to find the weakest point of the sintering bound. The
following assumptions and modeling steps are made.

1) The intricate network of the clog is simplified as a bunch of fictitious
cylinders, Fig. 3(b)-(c). Each cylinder, also called ‘clog finger’, con-
tains a cluster of spherical NMI particles of equal diameter (d, =
2r,). Here the NMI is assumed as Al,Os.

2) The length of the clog finger (L.) increases with the continuous NMI
deposition.

3) In each clog finger, NMI particles are mechanically bound by sin-
tering at their contact points. The radius of the bound neck between
NMI particles (r,,) increases with time due to the sintering, Fig. 3(c).
Therefore, the neck radius along the clog finger is different between
different spheres due to the different deposition time.

4) The flow is assumed perpendicular to the clog finger. The stress due
to the hydraulic (drag) force of the melt flow at different points of
each ‘clog finger’ can be derived. Weakest points of a ‘clog finger’ are
at the sintering necks. Hence, the stress at each sintering bound neck
(0,) is calculated.

5) Fragmentation of the clog finger occurs at the weakest point, when
its stress exceeds the mechanical strength of alumina. The mass of the
clog finger fragment is removed from the clog and the particle

€O = [C] + [0)
9[0] + Fe + [Ti] + 4[Al] = (Fe0-Al,0,-Ti0,) + Al,04
3(Fe0-Al,05-Ti0,) + 2[Al] = 3Fe + Al,0; + 3(Al,0,-Ti0,)

Si0,(s) + 3C(s) = SIC(s) + 2CO(g) ]
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|
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Fig. 2. Concept of the two-stage clogging.
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(d)

Fig. 3. Modeling concept for the clog fragmentation. (a) Clog network constructed by random deposition of NMIs, (b) simplification of the clog network as a bunch of
uniformly distributed clog fingers, (c) graphical description of the clog finger as fictitious cylinder, (d) breaking of part of the clog finger.

fraction in the computational cell is updated. The remaining part of
the clog finger can continue to grow with the NMI deposition.

6) Ideally, the stress should be calculated at each sintering point.
However, it is not computationally feasible, because size of NMI is
much smaller than the computational cell size. Here, each compu-
tational cell is virtually divided into M sections, illustrated by gray
dashed lines in Fig. 3(b), and stress is only calculated at the base of
each section.

The maximum stress on the base of each section of a clog finger (¢,)
is calculated according to Pilling and Hellawell [46], who have used the
similar idea to calculate the stress at the base of a dendritic arm during
alloy solidification. They considered the dendrite as a cylinder with
different radii between the root and main section.

2FIL2
o, =

(€Y

3
ry

where F = 3ruu,,, is the total force acting on the clog finger by the melt
flow. uy,, is the velocity inside the pores of the clog network which is
calculated based on total velocity magnitude in the computational cell
(u) and clog fraction (fq.g) using an empirical formulation, up, =
u fclog2. u is viscosity of the melt. Neck radius can be calculated by the
theory of the kinetic growth of sintering neck of spheres,

rﬂl
L =Aqpt 2
" (1 ()]

where A(r) is a temperature-dependent coefficient,

_ KiyWoD
~ RT

A 3)

In this equation, K; is a constant; y is the interfacial tension; Vj is the
molar volume; D is the self-diffusion coefficient of the material; R is the
gas constant; and T is the temperature. The exponents m and n in Eq. (2)
define the sintering mechanism. Here, m = 5 and n = 2 according to the
experimental observation of sintering alumina spheres in steel melt [47]
showing that volume diffusion is the major mechanism of sintering. The
self-diffusion coefficient of alumina (D) is a function of temperature that
can be obtained by an Arrhenius equation, D = Dy exp( — Q/RT). D, is a
pre-exponential factor and Q is the activation energy.

In the current fragmentation sub-model, the diameter of the clog
finger is much smaller than typical computational cell size. Hence, there
is a forest of clog fingers with the same distance from each other.
Tracking real number of NMIs is computationally infeasible; therefore, a
statistical weight, called also N-factor, must be introduced to reduce the
calculation cost. In fact, statistical weight refers to the number of
representative particles. Considering simulation settings in this work,
statistical weight was set to 8750. For average size of a cell, 0.70 mm,
with deposition of one numerical particle, around two layers of real
particles were added to the clog finger forest. Fracture of a clog finger
occurs at the sintering joins between particles, where the stress exceeds
its mechanical strength. Considering all joins in the calculation requires
is also computationally costly, and it would need too much memory to
store the time for each sintering join. The stress on each join depends on
the neck radius, which is in turn the function of the time, as expressed in
Eq. (1)-(2). Therefore, each cell was virtually divided to M = 10 sections
in the clog growth direction. In other words, stresses were calculated at
maximum 10 points of a clog finger. In a cell with average size of 0.70
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mm, maximum 70 particles with 0.010 mm diameter can be filled in a
clog finger. That is 7 particles in each section. This sectioning approach
makes the computation feasible.

2.3. Simulation settings

A comprehensive model including both early and late stages of
clogging as well as fragmentation was considered to simulate the clog-
ging in a real scale SEN. Dimensions of the computational domain with
boundary conditions are shown in Fig. 4. To have a more physical flow
pattern at SEN ports, a part of mold was also included in the domain. It
should be mentioned that in this paper flow in the mold region is not of
main interest; therefore, a short part of mold was considered for sake of
calculation costs. At the inlet, the mass flow rate of steel melt was 53.82
kg/s. Spherical alumina particles were injected with zero velocity and a
mass injection rate of 0.0034 kg/s, corresponding to an oxygen content
of 30 ppm in the steel melt in the tundish before entering SEN. The
particle size was 10 pm. Non-slip flow boundary conditions were
considered for walls of SEN and CC mold and a shear-free wall was set
for the free surface (mold meniscus). The pressure outlet was set at the
outlet. A hexahedral mesh was created for whole domain with finer
mesh inside the SEN. The minimum and maximum cell volume in the
SEN was 3.53 x 1070 and 5.04 x 107° m®, respectively. The physical
properties and other parameters used in the simulations are summarized
in Table 1.

The melt flow was calculated by solving Navier-Stokes equations.
Scale Adaptive Simulation (SAS) and shear-stress transport (SST) k-o
turbulence models were adopted. Lagrangian tracking of solid NMI
particles was done based on the balance of various forces including
Buoyancy, drag, lift, virtual mass and pressure gradient. Details of the
equations can be found in the previous publications [34,35].

The commercial computational fluid dynamics (CFD) code ANSYS-
FLUENT was used to solve equations with extended user-defined func-
tions (UDF) for considering tracking, attachment, and detachment of
solid particles as well as the growth of the clog. Computations are done
on a high-performance computer cluster with 30-48 CPUs (2.6 GHz). A
simulation of a one-hour period of the process took approximately 12
days.

3. Results

A short simulation of only 15 s of the process was done with a fresh
SEN, i.e. ignoring chemical reaction at melt-refractory interface (early-
stage clogging) and NMI deposition (late-stage clogging). The time-
averaged flow pattern is depicted in left hand side of Fig. 5. There are

Inlet
\

=
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Table 1
Physical properties, process and numerical modeling parameters.
Property/Parameter Unit Value
General clogging model
Density of steel melt kg m~3 7030
Viscosity of steel melt Pas 0.006
Density of alumina inclusions kg m~3 3700
Early-stage sub-model
Operating temperature K 1822
Permeability of initial oxide layer m~? 107"
CO production rate by the SEN refractory kg/sm3 0.048
Refractory thickness of the SEN m 0.02
Initial roughness of SEN wall m 10°°
Fragmentation sub-model
Strength of alumina at operating temperature MPa 100
Interfacial energy (alumina — steel melt) Nm! 1.0
Molecular volume of alumina m® mol ! 2.56 x 107°
Pre-exponential factor (Dy) m?s7! 4.6 x 1072
Diffusion activation energy of alumina (Q) J mol ! 464.0 x 10°
Number of virtual sections in cell (M) 10
Constant K, - 80

two inclined rotating jets passing through the two ports. These two jets
are almost symmetric, and they are divided into two halves ‘A’ and ‘B’.
However, the instantaneous flow is very transient and the rotating
vortices vary frequently, as shown in right hand side of Fig. 5.

In the early stage of clogging, the initial oxide layer forms because of
reactions at the interface between the molten metal and the refractory
material. Once the oxide layer reaches a critical thickness, here around
0.1 pm, it serves as a substrate for the deposition of NMIs. Afterwards,
both the reaction and NMI deposition processes, corresponding to the
early and late stages of clogging, respectively, occur simultaneously,
contributing to the further development of the clog. The early-stage
clogging, i.e. the chemical reaction, terminates due to the pressure in-
crease on the SEN refractory with the clog growth. Faster deposition of
NMIs results in sooner termination of the early-stage [34]. Fig. 6(a)
displays the termination time of the early-stage clogging in the boundary
cells. A gray color indicates that the early stage has not terminated yet.
Fig. 6(b) illustrates the contribution of the early-stage to the total clog
thickness, which is represented by the ratio (or thickness fraction) be-
tween the oxide layer thickness and the overall clog thickness. A faster
deposition rate of NMIs in the port region leads to an earlier termination
of the early-stage and, consequently, a reduced contribution of the early
stage to the total clog thickness. In the tube part of the SEN, the random
distribution of termination times reflects the stochastic nature of NMI
deposition. While the process conditions in the early stage, like pressure,
are almost identical for all cells at a certain height of the SEN, the

0.12m

Free surface

Fig. 4. Computational domain and notation of boundaries.
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Fig. 5. Time-averaged flow pattern inside the fresh SEN over 15 s (left) and instantaneous flow sequences (right). The velocity magnitude is linearly scaled by vector

length and color map.

random NMI deposition introduces erratic behavior in the early stage of
clogging.

The further CC process with SEN clogging of around 1 h was simu-
lated. Clogging evolution is depicted in Fig. 7. The SEN is cut through
the wide symmetrical plane in two halves ‘A’ and ‘B’, and the clog
thickness seems to distribute differently on the two halves. The clog
thickness is defined by the distance between the SEN wall and the clog
front. The turbulent flow resulted in formation of random bulges on the
clog front. Investigation of clog sequences with smaller time intervals
showed that bulges appear and disappear frequently due to the alternate
deposition of NMIs and fragmentation of the clog. NMI deposition
formed an almost thin layer of clog on the wall in the port region. At the
bottom of SEN, clog grew faster at the corner. With the evolution of
clogging, unsymmetrical growth of the clog became more visible. For
example, at 50 min, the clog distribution is obviously different in two
halves, especially in the upper tube part.

Less clogging on the top of the SEN tube is due to the inlet boundary
conditions. At the inlet, particles were injected randomly in a circular
area whose diameter is a little smaller than that of the SEN cross section.
The random distribution of particles at the inlet was updated every time
step. It took a while to transport particles from injection area to the SEN
wall, i.e. it took some distance for particles to reach the wall on the top
area of the SEN. To exclude effects of inlet boundary conditions on
further analysis of clogging, the upper 40% of SEN was not considered in
calculation of total deposition and fragmentation mass.

In Fig. 8, flow fields during the process are shown on two

symmetrical planes of the SEN. As the clogging velocity magnitude
progresses, the velocity magnitude in the entire SEN increases. In this
work, the inlet mass flow rate of the steel melt was kept constant to
maintain a constant casting speed and a stable meniscus level. With the
narrowing of the flow passage in the SEN, the velocity and consequently
the turbulence enhanced. Similar to the fresh SEN case (Fig. 5), rotating
vortices in the port region changed dynamically. Although the flow is
very dynamic. This flow dynamics may be the cause leading to the un-
symmetrical distribution of clog. However, the simulation results show
that the response time of clog growth seems much slower than the flow
dynamics.

The local fragmentation rate in the clog font cells at 50 min is
illustrated in Fig. 9. Fragmentation rate is larger in the port region
because of larger velocity of the melt flow in this region. Indeed, the
melt flow washed most of the deposit from the SEN wall and only a thin
layer remained there. Similar phenomenon was seen in the middle
bottom of the SEN where the vertical stream hit the bottom of SEN.
Hence, clogging proceeded from the corner and formed a bowl shape
deposit. In the tube part of the SEN, the fragmentation rate in most of the
clog front cells is very low. There are also scattered cells with larger
fragmentation rate representing bulges.

The variation of the total masses of deposited and fragmented NMIs
over time is shown in Fig. 10(a). The difference between the deposition
and fragmentation masses defines the clogging mass. Although the
curves in Fig. 10(a) look almost linear, their actual change rates vary
dramatically, as shown in Fig. 10(b). In fact, the curves in Fig. 10(b) are
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Fig. 6. (a) Termination time of early stage clogging and (b) thickness fraction
of the early-stage clogging after 2 s in boundary cells.

the time derivatives of those in Fig. 10(a). To have a better visualization,
the fluctuating curves in thin lines have been smoothed and plotted as
thick lines. The total deposition and fragmentation rates increased quite
fast until 9 min. After that, their increase rates slowed down. After 9
min, since the increase in the total fragmentation rate was larger than
that of the total deposition rate, the total clogging rate decreased
gradually.

Variation in clog thickness at a certain point in the middle section of
the SEN is plotted in Fig. 11. The clog thickness was calculated as the
distance from the SEN wall to the clog front. The local clog growth rate
was obtained from the time derivative of the local clog thickness. The
general trend of the local clog thickness is increasing, but sometimes it
decreases shortly. The local clog growth rate frequently has negative
values, which indicates fragmentation. This curve demonstrates how
frequent fragmentation may occur at a certain point.

4. Comparison with industrial observation of the as-clogged SEN

Inside profile of an as-clogged SEN was obtained with a method of 3D
laser scanning. The real clog front and simulated one are compared in
Fig. 12. A satisfactory agreement was obtained. The simulated profile of
the clog front is quite similar to that of the as-clogged SEN: the asym-
metric bowl shape of the clog in the bottom region of the SEN; a thinner
clog in the port regions than that in the tube part; a thicker clog in the
middle of the tube part of the SEN than in both ends, i.e. a convex profile
of the clog front in the tube part. Note that the clog front of the as-
clogged SEN was observed after approximately 3 h of casting, whereas
the simulated clog formed at around 1 h, hence, the simulated clog
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appears thinner than the real one. It should also be mentioned that in the
as-clogged SEN, the entrapped steel melt was difficult to be completely
drained out after CC operation. Some steel drops can still be observed
inside the SEN, especially in the ports area. The clog front in the real SEN
has many tiny curvatures, whereas the simulated clog front seems
smoother. This might be partially due to the current model, which is
volume-average based and it cannot solve the detailed roughness of the
clog front.

A direct quantitative comparison between the simulation results and
plant data may not be necessary at this moment. One reason is due to the
aforementioned difficulty in obtaining the real clog front without steel
entrapment; other reasons include the uncertainties of the boundary
conditions, process parameters of the CC, and some model assumptions.
For instance, the injection rate of NMIs at the inlet is based on a rough
estimation of the number density of NMIs under thermodynamically
ideal conditions, which might not be fully valid. In the calculation of the
critical stress at the sintering neck between alumina particles, it is
assumed that the flow velocity is perpendicular to the clog finger, as
shown in Fig. 3(c). This assumption works reasonably when one face of
the partially-clogged cell is connected to a fully-clogged cell and flow is
parallel to the clog. When a partially-clogged cell has two or more in-
terfaces with fully-clogged cells, or when the flow is not parallel to the
clog front, the above assumption may lead to an error in estimating the
clog growth. This point can explain why the simulated clog front profile
in the tube part (where the flow is almost straight and parallel to the
wall) is very similar to the real one, and why there is an underestimation
of clog volume in the port area (where the flow is very dynamic and
multi-directional), as can be seen in Fig. 12. Further discussions
continue in the next section.

5. Parameter study and discussions
5.1. Importance of clog fragmentation

To understand the role of the fragmentation in the clogging process,
a new simulation was conducted by ignoring the fragmentation, which
was compared with the previous (reference) simulation case that has
considered the clog fragmentation. An excessively high mechanical
strength (100 times larger than the real one) was deliberately assigned
to the alumina, so that the clog fingers are hardly broken by the flow.
The simulation results of two cases are compared in Fig. 13. By
neglecting the clog fragmentation, the clogging develops very rapidly
and irregularly. In the tube part of SEN, individual bulges grow hori-
zontally and sometimes form branches. These branches may eventually
build a network and form some large pores (~ cm). From metallographic
analysis of the as-clogged SEN, large pores do exist in the clog structure,
but they are in the order of mm or smaller. The pore size of ~ cm is
unrealistic. Additionally, by ignoring fragmentation the bottom bowl is
filled up by clog too quickly.

Fragmentation is a phenomenon which always accompanies the
clogging process. During the clog growth, continuous deposition of NMIs
builds up the clog structure, whereas fragmentation phenomenon
removes mass from the clog structure and slows down the clogging
process. This phenomenon has been evidenced by the industry online-
monitored CC parameter, Fig. 1(b); the frequent low-down of the stop-
per rod position indicates the occurrence of the fragmentation. From the
modeling results of Fig. 10, one can also see that the mass fragmentation
rate increases with the mass deposition rate of the NMIs. If no frag-
mentation had occurred during CC, the clogging process would occur
much sooner. This study confirms the importance of the fragmentation
event, and it is necessary to include the fragmentation sub-model in the
simulation of the clogging process. However, this sub-model still needs
further improvements to simulate clogging phenomena more accurately.
Some of the most important ones are addressed in Section 5.4.
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20 min

Fig. 7. Evolution of clog in two halves of the SEN.

5.2. Mesh sensitivity

The sensitivity of the modeling result of the clog growth to the mesh
size was investigated previously in a laboratory scale [35]. Here, the
effect of mesh size on the modeling result of the clogging including
fragmentation for a real-size SEN is studied. Computational cells inside
the SEN were hexahedron with skewness of 0.127 + 0.09. In the base
mesh (as reference case), the minimum and maximum cell volume was
3.53 x 107 1%m®and 5.04 x 1072 m?, respectively. Two other cases were
simulated: the cell length size was enlarged 50% (named as 50%

coarser) and reduced 50% (named as 50% finer). The simulation results
of 30 min are shown in Fig. 14. In Fig. 14(a), the time evolutions of the
total clogging mass seem similarly for all cases, but with different
temporal slopes. At 30 min, the total clogging mass is: 0.64 kg in 50% for
the coarser mesh, 0.61 kg for the base mesh, and 0.58 kg for the 50%
finer mesh. Fig. 14(b) shows the final clog front profiles of the three
cases. They are almost similar: a thin layer of clog in the port area, bowl
shape of clog at the bottom, and random bulges in the tube part of the
SEN. However, case of 50% coarser mesh could not resolve the bowl
shape and random bulges well. Base mesh and 50% finer mesh gave very
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20 min

50 min [ ;
00

Fig. 8. Melt flow pattern during clogging, showing on two symmetrical planes. Solid line represents the clog front.
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'

Fig. 9. Local fragmentation rate (g/s) at 50 min, shown on the clog front.

similar results. More details of clog front can be achieved by the 50%
finer mesh. The base mesh is fine enough to resolve major profile details
of the clog front. Here, effects of mesh size are discussed. Sensitivity of
the model to other numerical parameters like, mesh type, and time-step,
etc. could be subject of further investigations.

The typical size of NMI particles, which contribute to SEN clogging,
is on the order of 10 pm [48] and typical computational cell size is about
1 to 2 orders of magnitude larger. Therefore, the volume average
approach has to be considered as the most feasible method for modeling
the clogging process. Referring to the postmortem analysis of the as-
clogged structure [49], the clog can be treated as a porous medium.
However, calculating of the melt flow near the clog front is very difficult
due to the random nature of the NMI deposition and the clog structure.
In the current model, the permeability in an interface cell, also called a
‘partially-clogged’ cell, was modified by the clog fraction (fcog):

- —1/3
(-7 (-77) .
Koer = —— 77—~ Dhorerr @

108 (fp - fp) og
where f, is the average particle (volume) fraction in a fully-clogged
region; Dy is the diameter of large pores; and n is an interpolation
correction power. K, is used to calculate a Darcy source term in mo-

mentum and turbulence equations. The term fﬂl prevents an immediate
clog

presence of uniform porous medium with small volume of deposit, i.e. a
small increase in f1,s. More details of this approach were described
previously [35]. n =5 was empirically found to be a proper value.
Despite of the above modification to K., the volume average approach
would still lead to some error estimation of the velocity and turbulence
in partially-clogged cells. Further improvements are required.

5.3. Effects of turbulence model

Among various turbulence models, scale-adaptive simulation (SAS)
was chosen for the reference case because of its stability and its adaptive
nature to switches between Reynolds-averaged Navier-Stokes (RANS)
and large-eddy simulation (LES) modes depending on the resolved scales
in the flow. Shear Stress Transport (SST) k-o turbulence model is also a
popular model for its robustness and capturing near-wall behavior of
flow. Both turbulence models were compared. Total clogging mass
during the process for both turbulence models are shown in Fig. 15(a).
Two curves are almost similar. Clogging mass of SST k- is slightly larger
during most duration of the process. Moreover, SST k-@ shows larger
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Fig. 11. Local clog thickness and local clog growth rate at a certain point.

changes in the slope than those of SAS. In Fig. 15(b), the clog fronts of
two cases after 30 min are quite different. In the tube part of the SEN,
SAS predicted tiny random bulges on the clog front, while SST k-w made
smoother clog front with large bulgy surfaces. At the bottom of the SEN,
SST k-0 model predicted more severe clogging. SST k-o might damp
excessively turbulent structures, hence less eddies are resolved. As all
simulation settings including mesh size in both cases are identical, SAS
can predict more detailed clogging than SST k-w. The calculation cost of
two turbulence models was very similar. Therefore, SAS model is rec-
ommended for the clogging simulation.

Turbulence results influence the particle tracking and consequently
clogging via ‘random walk’ model, that is a function of turbulence ki-
netic energy. However, in the near-wall region, a stochastic model [50]
is adopted to consider coherent structures which are responsible for
particle transport. This model is suitable when the wall surface is fresh
and free from any clogging. Hence, it is used for particle tracking in the
wall boundary cells and in the bulk of fluid, particle transport is treated
by the random walk model [35]. With developing of clogging and
changing flow-wall interface, the stochastic model is not valid any more.
Therefore, Darcy source term is introduced to the turbulence equations,
as explained in the previous section. Finding an accurate source term
which can treat momentum and turbulence in a partially-clogged cell
using volume average approach should be considered in future
developments.
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5.4. Other factors influencing clogging and fragmentation

Mechanical strength of alumina under operational conditions is a
critical value in the fragmentation sub-model. Some previous works took
a value of room temperature (300 MPa) to evaluate the detachment of a
sintered alumina particle [14,51], but it is known as temperature
dependent [38]. In this paper, 100 MPa was chosen according to the
experimental data of mechanical properties of dense alumina and the
operating temperature [52].

The interfacial tension () in Eq. (3) is supposed to be the interfacial
energy between pure alumina and steel melt. However, it is believed
that two approaching alumina particles in the steel melt can rupture the
disjoining liquid film between them. Due to the poor wettability of
alumina by steel melt, the melt is expelled out of the contact point and a
cavity forms around the contact point (sintering point) [51,53,54]. The
formation of the cavity results in a capillary force that presses two
particles together. The presence of this capillary force influences sin-
tering neck growth between the two alumina particles and leads to faster
sintering [47]. This kind of phenomenon is not considered in the current
fragmentation sub-model; hence, the sintering neck in this work might
be underestimated. In other words, the calculated stress at sintering
point is overestimated. Although the general equation of kinetic growth
of neck was modified to take non-wettability effects into account [47], it
works only for certain cases of large alumina balls (160 pm) composed of
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Fig. 12. Comparison of the simulated clog front (left two figures) with clog
front of an as-clogged SEN from industry operation (right two figures).

many tiny particles of alumina. Hence, Eq. (3) is subject to further
improvement for the case of SEN clogging with small alumina particles
in the size of pm.

The current fragmentation sub-model has simplified the network
structure of clog as a bunch of clog fingers. The weakest points in this
new structure are the bases of virtual sections in each cell. Therefore, the
weakest points for all clog fingers in a cell are of the same length. In
reality, the clog structure is composed of alumina spheres with different
sizes, and weak points of the network are randomly distributed. In other
fields of research, more sophisticated models based on force-balance
approaches [39] have been proposed, known as multilayer resus-
pension. Such approaches may be included in future improvements of

With fragmentation

Ignoring fragmentation

(a)

Powder Technology 434 (2024) 119307

fragmentation sub-model to cover natural complexity of clog structure.

Injection of argon gas in the SEN during CC is a popular measure to
control the clogging process. The argon gas bubbles can change the flow
regime, hence influence NMI deposition and fragmentation; they can
also adapt pressure inside the SEN, hence influence the reactions at the
steel-refractory interface; they may collect NMIs, even capture the clog
fragments and bring them to the slag, etc. For such importance, argon
injection in SEN and its effect on clogging are subjects of ongoing
research pursued by the present authors for the advancement of the
clogging model.

6. Summary

A sub-model was developed to consider the fragmentation phe-
nomenon during SEN clogging in CC of steel. It was integrated in a
comprehensive clogging model to simulate the clogging and fragmen-
tation phenomena in a real-scale SEN. The simulated clog profile in the
SEN was qualitatively compared with that of the as-clogged SEN, and
satisfactory agreement was obtained.

Most important contribution of this work is that the importance of
the fragmentation event during SEN clogging was confirmed. Frag-
mentation always accompanies the clogging process. During the clog
growth, continuous deposition of NMIs builds up the clog structure,
whereas fragmentation phenomenon removes mass from the clog
structure and slows down the clogging process. This phenomenon was
evidenced by the industry CC operation via monitored stopper rod po-
sition. One can conclude that if no fragmentation had occurred during
CC, the clogging process would occur much sooner. It is necessary to
include the fragmentation phenomenon in the clogging model.

Finally, the recent status of model development on SEN clogging was
discussed. Although an integrated clogging model was presented by the
current authors, which has considered most critical steps of clogging, it
is still subject to further improvements. Among many other factors
influencing the SEN clogging, injection of argon gas was considered as a
necessary measure to control the SEN clogging during CC operation.
Consideration of argon gas injection is an on-going work of the authors
for the advancement of the clogging model.

With fragmentation

Ignoring fragmentation

(b)

Fig. 13. Comparison of the clog front results in two simulations with and without including fragmentation sub-model: (a) in the whole SEN geometry, (b) zoomed

view of port region.
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Fig. 14. Mesh sensitivity of the clogging model. (a) Effect of grid size on total clogging mass during the time and (b) final clog front morphology after 30 min.
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Fig. 15. Effect of turbulence models on (a) the evolution of total clogging mass and (b) the final clog front morphology after 30 min.
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