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Numerical Simulation on Refractory Wear ®

Check for

and Inclusion Formation in Continuous Casting
Tundish

QIANG WANG, CHONG TAN, AO HUANG, WEN YAN, HUAZHI GU, ZHU HE,
and GUANGQIANG LI

The formation and removal of exogenous inclusions in a real-size two-strand tundish is
simulated by the proposed unsteady 3D comprehensive numerical model of the respective
fluid-structure interaction, which takes into account the impacting and washing effects on the
refractory wear. A large eddy simulation is employed to describe the molten steel vortex flow.
Thus, the thermal profiles of the molten steel and refractory lining are constructed. One-way
coupled unsteady Euler-Lagrange approach is adopted to estimate the detachment and motion
of the exogenous inclusion. The inclusion’s Reynolds number is utilized for evaluating the
inclusion separation at the refractory lining after formation and at the upper surface of the
molten steel. At a 1.2 m/min casting speed, 49 and 38 pct of exogenous inclusions are created at
the turbulent inhibitor inner bottom and long nozzle inner wall, respectively. In contrast, only
13 pct of new inclusions are produced at all other inner walls. About 80 pct of newly generated
inclusions are then trapped by free surfaces, 78 pct of which are removed at the first free surface.
The initial diameter of exogenous inclusions ranges from 13 to 48 um. The removal ratio of
exogenous inclusions in the tundish first grows from 61 to 80 pct, with the casting speed rising
from 1.0 to 1.2 m/min and then drops to 63 pct after the further casting speed rise to 1.4 m/min.
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I. INTRODUCTION micrometers (i.e., macro inclusions), which deteriorate

the steel quality.*”" Since the molten steel mostly

HIGH-QUALITY steels have excellent mechanical
properties due to the mandatory absence of macroscopic
inclusions and a very low number of microscopic ones
(smaller than 10 ,um).[l*’}] According to their formation
sources, inclusions can be classified into two types. The
first-type ones are named indigenous inclusions that
stem from deoxidation products, such as Al,O; and
SiO». They are usually small (i.e., micro inclusions) and
can be easily removed using various refining measures.
The second-type ones are referred to as exogenous
inclusions, mainly from refractory wear and slag
entrapment. The equivalent diameters of exogenous
inclusions are in the range of tens to hundreds of
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contacts with the refractory lining in the continuous
casting process, exogenous inclusions’ formation is
fraught with chance and hard to eliminate.

In the continuous casting process, tundish (i.e., the
last refractory container located between the ladle and
mold) is designed to receive the molten steel poured
from the ladle and distribute the molten steel to the
different continuous casting machine strands at a
near-constant rate. Because of the large volume and
stable dynamic conditions, the tundish is believed to be
an appropriate place for cleaning the molten steel.®”!
Therefore, various flow control devices, such as weir,
dam, and turbulence inhibitors, have been adopted, to
optimize the flow pattern and promote the inclusion
removal. Recently, the main function of the tundish was
changed from a reservoir to a refining vessel. However,
the impact flow from the ladle, large internal surface
area of the tundish, and increasing number of flow
control devices provide more opportunities for the
accidental formation of exogenous inclusions inside
the tundish, as shown in Figure 1.'"
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To further improve the molten steel’s cleanliness, it is
expedient to gain a deeper insight into the refractory
wear and inclusion formation in the tundish.''"'3 An
industrial experiment on a real tundish is the most
intuitive and straightforward method for studying the
refractory wear, as illustrated in Figure 2.

However, the measurement limitations and harsh
environment in the above test scheme deteriorate the
accuracy and scope of experimental results. In particu-
lar, the formation of exogenous inclusions cannot be
observed, and it is difficult to distinguish the indigenous
and exogenous inclusions in steel samples.

The water model experiment has been widely adopted
to visualize the flow pattern and inclusion motion in
tundish with different flow control devices."*'”! In the
experiment, salt solutions, such as KCI and NaCl, are
commonly used as tracers to measure the residence time
distribution (RTD) curve of water in the tundish
physical model. Black ink and polyethylene particle
are usually applied to represent the water flow pattern
and inclusion motion trajectory. The particle image
velocimetry measurement technique is then utilized to
estimate the velocity field, and a high-speed camera is
employed to capture the polyethylene particle position
at different moments. The refractory wear behavior can
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Fig. 1-—Schematic of fluid flow and inclusion motion in a single
strand tundish.

Fig. 2—Photo of the tundish refractory lining after one casting
period.
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also be simulated using the water model with a boric
acid tablet on the wall."™ As the boric acid is soluble in
water, it would be gradually removed when the water
passes through the tablet surface. The removal rate can
be related to the wall shear stress, which is predicted by
numerical simulations.'”) However, the water model
fails to reflect the inclusion formation process induced
by the refractory wear.

Alternatively, the computational fluid dynamics
(CFD) approach has become a powerful tool for
analyzing the flow-induced wall shear stress and track-
ing the inclusion motion in tundishes.””’ Since the
flow-induced wall shear stresses would significantly
reduce the service life of the tundish refractory lining,
especially in the high-velocity region near the inlet
stream, multiple numerical models have been proposed
to optimize the tundish shape and furniture design using
the wall shear stress as a function of the near-wall
velocity gradient.*!) Furthermore, the refractory wear
was found to be affected by the combined influence of
the wall shear stresses and the molten steel total
pressure.”*¥ The refractory deformation and erosion
behavior strongly depend on the flow regime nature and
fluid-structure interaction, as indicated in Figure 3.4
The wunderstanding of fluid-structure interaction
between molten steel and the refractory lining, however,
is limited by far.

The well-known Euler—Lagrangian method has been
commonly employed to describe the motion, collision,
and aggregation of inclusions.?**” It allows one to
consider such factors as gravity, buoyancy, drag, lift,
virtual mass, pressure gradient forces, and turbulent
fluctuation of the inclusions. Comprehensive analysis of
the inclusion parameters, such as its position, diameter,
and velocity during entire motion process, can be
adequately performed. Besides, various detachment
criteria have been introduced into the numerical model
to represent the adherence between the inclusion and the
refractory wall.?* 3% When the inclusion migrates and
gets into contact with the refractory wall, the inclusion
would adhere to the wall or rebound into the molten
steel with a certain momentum loss, which can be
appropriately described via the elastic collision theory.

As discussed above, the refractory wear is created by
the wall shear stresses and total pressure of the molten
steel. The resultant inclusion formation in the tundish
and possible improvement of the molten steel cleanliness
require further investigation. This encouraged the
authors to establish a transient 3D integrated numerical
model to figure out the fluid-structure interaction and
the resultant inclusion formation in a two-strand
tundish. Since a small-scale vortex near the tundish
internal wall greatly affects the inclusion formation and
detachment, a large eddy simulation was employed to
describe the molten steel turbulent flow. The thermal
profile of the molten steel and refractory lining was also
constructed. Given the inclusion concentration in the
molten steel is very small, the inclusion movement’s
effect on the molten steel flow is negligible. One-way
coupled unsteady Euler—Lagrange approach was
adopted to estimate the motion path of the inclusion.
The inclusion’s Reynolds number was utilized to
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Fig. 3—Fluid-structure interaction between molten steel, refractory,
and formed exogenous inclusion.

evaluate the inclusion separation at the refractory lining

after formation and at the top surface of the molten

steel, instead of the ideal absorption condition used in
. [31] .

previous works. The casting speed effect on the

inclusion removal was analyzed using the proposed

model.

II. MODEL DESCRIPTION

A. Assumptions

Given the complex fluid—solid interaction and trans-
port phenomena involved in the tundish, the following
assumptions were made to simplify the model:

(a) Only a half the tundish was modeled because of its

geometrical symmetry.

The solid part included the long nozzle, turbulent

inhibitor, weir, dam, and refractory lining, while the

fluid part only involved the molten steel, i.e., the
molten slag and air were neglected. Due to the ab-
sence of molten slag, the chemical corrosion was
ignored. Besides, the wall shear stress caused by the
molten steel/molten slag two phase flow at the
refractory lining that near the slag/steel interface is
different from that caused only by the molten steel.

(¢) The molten steel was treated as an incompressible
Newtonian fluid. The density, thermal conductivity,
and viscosity of the molten steel were a function of
the temperature. Besides, the Young modulus of the
refractory material was temperature dependent.l*”
The other properties were assumed to be constant.

(d) No inclusion would come into the tundish with the
molten steel from the ladle. The inclusion was sup-
posed to be generated at the refractory tundish inner
wall and treated as an inert non-spherical solid
body.®!

(e) The coefficient of the interfacial tension coefficient
between the molten steel and the inclusion was kept
constant.

(f) Chemical reactions in the tundish were neglected,
i.e., the refractory chemical corrosion was ignored.

©

~
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B. Fluid Flow and Heat Transfer

The wall shear stresses and dynamic pressure on the
wall were reported to be closely associated with the
near-wall vortices.**** To better describe the turbulent
fluctuation, the large eddy simulation (LES) model was
employed to analyze the vortex structure inside the
tundish.®> " The continuity and time-dependent
Navier-Stokes equations were invoked to describe the
molten steel turbulent flow in the tundish:

pm _
5 TV () =0, (1]

9
Mwm(wvw: -Vp+V

ot .
(n+ ) (VF+ V)| + F,
2]

where 7 is time, V is velocity, p is pressure, p,, is the
molten steel density, and u and pg,, are the molten
steel dynamic viscosity and eddy viscosity that repre-
sents the sub-grid scale stress, respectively, and the
eddy viscosity is derived via the coherent structure
wall-adapting local eddy viscosity (WALE) model of
sub-grid scales.®! Besides, F, is the thermal buoyancy
force determined by the Boussinesq approximation.

The energy conservation equation was established in
the fluid and solid regions for obtaining the temperature
profile:

In fluid region : w + V- (puvh) =V - (ktVT),
B3]

. . oT
In solid region : 5=V (krVT), [4]
where £ is enthalpy, T is temperature, and kg is the
effective thermal conductivity of the molten steel that
relating to the turbulent level, while Akt is the thermal
conductivity of the refractory.

C. Structural Model

Due to the action of continuous forces induced by the
molten steel flow, the refractory displacement occurs,
which can be assessed using the following momentum
equation:%40]

e v [ (e (v ()]
—0,

[5]

where p, is the refractory density, g is acceleration, [/ is
unit tensor, E is the Young modulus, v is Poisson’s ratio,
and u is the displacement vector. The resulting stress g is
derived by the constitutive equation as in:'*!4? a
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o= 5|+ (w)]. g

where ¢ was the deformation tensor.

The von Mises stress, invoked in the von Mises
criterion, anticipating the occurrence of yielding of the
refractory, can be evaluated as:!**

1
oy = (E [(Gxx - ‘7}'}’)2+(JW - 622)2
2

+(Gzz - O-xx)2+6 (O.)ch + U)zrz + O'iz)i|) :

8]

Since the above equation is algebraic, the von Mises
stress can be estimated from the previously calculated
stress components.

D. Refractory Physical Wear

As mentioned above, the refractory physical wear is
determined by the combined effect of the wall shear
stress and total pressure. According to the rotating disk
theory, the wall shear stress-induced wear rate wys can
be estimated via the following equation:!*> 7!

. 13
Wiss = Kuss (> [9]

Tref

where 7t indicates the wall shear stress at the interface
between the molten steel and the refractory in the
tundish, t.r 18 reference wall shear stress, and kyg 1S
the refractory dissolution rate that can be derived from
the molten steel temperature 7 as follows:**

11,344
kwsszo.Ol-exp[2.8956—< 73, )] [10]

The wear rate w? caused by the total pressure has the
following form:1**->%

wip = g(0) Woo, [11]

2(0) = (sin 0)"'[1 + Hv(1 — sin 0)]", [12]
k1

Won = bip11) () 13

nl = 0.71(Hv)"", n2 = 2.4(Hv) ",

14
k1 = 2.3(Hv)"%*, [
where 0 is the impact angle of the molten steel with
respect to the refractory wall, Hv is the Vickers num-
ber (in GPa) of the refractory material, ky, is the
empirical constant, while P; and Py are the molten
steel total pressure and total reference pressure,
respectively.
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Since it is difficult to find a reasonable and accurate
numerical model for quantifying the interaction between
the two wear rates induced by the wall shear stress and
total pressure, the final overall wear rate was assumed to
be their superposition (sum). It should be noted that the
final overall wear rate may have non-additive pattern,
which would require further refinement of the above
calculation approach. The mass flux of the newly
generated inclusion at the refractory wall 7z, can be

determined via the final overall wear rate as:°'>¥

ity = 9y (s + 01). 15

where A is the refractory wear area. The initial diame-
ter of the newly generated inclusion is assumed to be
proportional to the final overall wear rate:

Wyss + Wip

dp = dprer [16]

Vref
where dyrer and wyer are the reference inclusion diame-
ter and overall wear rate, respectively. The above
equation is the empirical formula of the initial diame-
ter of the newly generated inclusion caused by the
refractory wear, based on our refractory/steel
high-temperature experiments.

E. Inclusion Movement

In the present work, the one-way coupled unsteady
Euler-Lagrange particle-tracking method was utilized to
describe the inclusion trajectory after its formation at
the refractory wall.l’> A transport equation was estab-
lished for each inclusion, which considered contribu-
tions from seven different forces as indicated in
Figure 4:1°¢

n & d_‘7P
P6 P di
where p,,, dp and ¥, are the inclusion density, equiva-
lent diameter, and velocity, respectively. The six terms
in the above equation’s right-hand side are gravity,
buoyancy, drag, virtual mass, lift, and pressure gradi-
ent forces, respectively.

The random walk model was used for counting the
chaotic effect of the turbulence.’”>®! The instantaneous
velocity of the inclusion is the sum of mean velocity, vy,
and random velocity, v;), which is proportional to the
local turbulent kinetic energy of the molten steel ky,:

o [—2 2km
p:Vp"’_V{;v v;:é Vé) =¢ T [18]

where ¢ is a Gaussian-distributed random number,
with a zero mean value and the standard deviation of
1, that varies at each time step.

The stochastic collision model was invoked to coop-
erate with the one-way unsteady Euler-Lagrange parti-
cle-tracking approach and consider the inclusion’s
collision and aggregation.®” The O’Rourke algorithm

p =F+ Fo+ Fy+F,+F,+F,  [17)
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was used to calculate the collision probability, while a
random function determined the coalescence
behavior. 00611

F. Boundary Conditions

The physical structure of the tundish in the present
work, as shown in Figure 5, followed a real plant-scale
operating two-strand tundish, and typical plant operat-
ing conditions were employed as boundary conditions.

A mass flow rate, equal to half of the real mass flow
rate, was imposed at the inlet with a constant turbulent
kinetic energy and dissipation rate. The outlet was
assumed to have the outflow boundary condition. A
zero shear stress boundary condition was satisfied at the
free surface of the molten steel. Additionally, a reference
pressure at the free surface was set to a constant value,
which equaled the atmospheric pressure.

As for the temperature profile, equivalent heat trans-
fer coefficients with the values of 8.5, 15, and 15 W/
(m* K) were, respectively, applied to the bottom,
longitudinal, and transverse side outer walls of the solid
refractory lining for illustrating the heat loss of the
molten steel.>% A thermally coupled boundary con-
dition was set at the fluid/solid interfaces to account for
the heat transfer fluid and solid regions. An equivalent
emissivity and convection heat transfer coefficient with
the values of 0.8 and 35 W/(m” K) were adopted to
assess the heat dissipation through the molten steel’s free
surface.l**%! The incoming molten steel temperature
from the long nozzle was constant and equaled 1836 K
(1563 °C).

Turbulent
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sub-layer

YyVY %r vV

Virtual Velocity
mass force
Pressure grad
force
\
h Bulk of
X molten steel

Inclusion

Fig. 4—Schematic of the inclusion motion near refractory wall after
formation.
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Insofar as this study is focused on the refractory wear
effect on the inclusion formation, it is reasonable to
assume that no inclusion would enter the domain with
the molten steel via the long nozzle. This assumption can
imply differences in the experimental and simulated
processes of the inclusion removal. However, it is
difficult to distinguish the indigenous and exogenous
inclusions, and the appearance of the indigenous inclu-
sion would affect the motion of the exogenous one.[** %!
Therefore, the above assumption is considered instru-
mental in the in-depth analysis of the exogenous
inclusion formation. The inclusion density was deter-
mined based on alumina, but considering that the actual
inclusion is a mixture, a smaller inclusion density was
therefore used in the present work.[7:**7% Besides, the
inclusion would be trapped at the molten steel’s free
surface if its Reynolds number is less than the threshold
value. Otherwise, it would be rebounded with a certain
amount of momentum loss, proportional to the inclu-
sion’s Reynolds number. The critical inclusion Reynolds
number at the free surface was set as 3.5, and the
inclusion equivalent diameter was adopted to be the
characteristic length. A certain amount of momentum
would be lost when the inclusion impacts solid
walls.”""7 The detailed physical properties and operat-
ing conditions are listed in Table I.

III. SOLUTION PROCEDURE

The ANSYS Fluent 19.1 general purpose commercial
software, based on the finite volume method, was
employed in the numerical simulations. The governing
equations for the fluid flow, heat transfer, inclusion
formation and motion in the fluid region, and the solid
region’s temperature profile were integrated over each
control volume and simultaneously solved using an
iterative procedure. The development of the inclusion
formation and entrapment model was accomplished by
User Defined Function (UDF) feature in ANSYS
Fluent. The PISO scheme was utilized for the pres-
sure-velocity coupling, and the second-order upwind
scheme was adopted for discretizing the pressure,

Long nozzle

Refractory lining ~<— Domain inlet

Turbulent inhibitor
Chamber 1

Molten steel

Chamber 2 " ,-&

Free surface 1

Domain outlet ~ Free surface 2
Fig. 5—Computational domain and boundaries.
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Table 1. Physical Properties and Operating Conditions

Parameter

Value

Physical properties of molten steel
Density (kg/m?®)

Dynamic viscosity (Pa-s)

Thermal conductivity (W/m-K)

6992
1 x 1073 x 10%(2694.95/T — 0.7209)
33.3 4+ 0.0215 x (T — 1818)

Specific heat (J/kg'K) 825
Thermal coefficient of cubical expansion (K~") 127 x 1074
Physical properties of inclusion

Density (kg/m?) 3500
Coeflicient of interfacial tension between inclusion and molten steel (N/m) 1.254
Operating conditions

Mass flow rate of molten steel (kg/s) 130
Temperature of incoming molten steel (K) 1836
Volume of molten steel in tundish (m?) 10.27

momentum, energy, and structure equations for higher
accuracy. Default values of the under-relaxation factors
were used. The convergence criteria for the continuity,
momentum, and structure equations were set at 10_6,
while that for the energy equation was 10~%. Three sets
of the structured meshes, with the respective mean sizes
of 1, 3, and 5 mm, were first created. After a typical
simulation, the velocity magnitude of some key points
inside the tundish for the three types of the grids were
examined. The average deviation of the velocity magni-
tude at all the points for the first and second meshes is
about 4.65 pct, while it is approximately 8.36 pct
between the second and the third meshes. Considering
the high expensive of computation, we therefore used
the second mesh for obtaining a reasonable balance
between the computational cost and accuracy. The total
number of grid elements was about three million. All
simulation scenarios were conducted with a 1 x 107* s
time step. A complete scenario needed approximately
400 CPU hours with 40 compute cores of 4.0 GHz.

IV. RESULTS AND DISCUSSION

A. Flow Pattern and Temperature Distribution

Figure 6 depicts the 3D flow streamlines in the
tundish at 500 seconds. The common routine for the
molten steel flow is as follows: @ the molten steel flows
into the turbulent inhibitor from the long nozzle and
moves upward due to the turbulent inhibitor’s restric-
tion. The upper molten steel then moves downwards to
the gap between the weir and the refractory bottom
lining because of the obstruction of the weir, @ after
leaving the first chamber, the molten steel moves
upwards as a result of the dam’s blocking, while a small
amount of molten steel directly flows to the second
chamber along the refractory bottom lining through the
dam hole, @ after entering the larger second chamber,
the molten steel continuously migrates upwards under
the action of the inertia, then moves along the free
surface toward the transverse sidewall, and finally falls

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 6—Distribution of 3D flow streamlines in tundish at 500 s.

to the outlet, @ a part of molten steel moves downwards
to the bottom of the second chamber due to the
buoyancy, thus creating a short-circuit flow.

Figure 7 illustrates the Q-criterion’s distribution
iso-surface of 350, where the color indicates the mag-
nitude of vorticity in the tundish at 500 seconds. The
Q-criterion is directly derived based on the second
invariant Q of the velocity gradient tensor as:l’> 7

0 =5 (12P-1s)?) 19

where Q is the antisymmetric part known as the vortic-
ity tensor, and S is the symmetric part known as the
rate of strain. According to the definition, the Q-crite-
rion indicates the existence or absence of vortices in
various flow structures. Numerous vortices are trig-
gered inside the long nozzle, turbulent inhibitor, and
first chamber. Furthermore, the magnitude of vorticity
in the long nozzle and turbulent inhibitor is much
higher. It can be inferred that the mixing of the molten
steel in the first chamber is vigorous. Due to the weir
and dam’s impeding and the refractory lining friction,
the energy dissipation is enhanced, and these vortices
gradually decay. The number of vortices in the second
chamber obviously decreases.
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Figure 8 shows the temperature distribution on the
middle longitudinal section (Y = 0 m) of the tundish at
500 seconds. The highest temperature is observed at the
inlet, while the lowest temperature occurs at the second
chamber’s top left corner, due to higher heat loss. As the
molten steel travels through the entire tundish, it loses a
total of 16 K (16 °C) of superheat. Since the hotter
molten steel heats the refractory lining’s inner layer, the
latter’s temperature gradually increases. The average
temperature of the refractory lining’s outer layer is
about 480 K (207 °C), which agrees well with the actual
tundish measurements. The measurement data provided
by plant were in the range of 473 K to 489 K (200 °C to
216 °C).

B. Distribution of Wear Rate

Figure 9 depicts the distribution of wall shear stresses
along the entire internal refractory wall and a close-up
of the long nozzle inner wall and turbulent inhibitor
inner bottom at 500 seconds. Higher wall shear stresses
are observed at the turbulent inhibitor inner bottom and
outlet wall, especially the long nozzle inner wall, due to a
higher velocity and a confined space. Besides, the wall
shear stress distribution is asymmetric at this moment,
although the tundish structure is symmetric. As men-
tioned above, various-scale vortices would be triggered
in the molten steel by the refractory wall effect. The
generation and dissipation of these vortices then give
rise to an asymmetrical variation in the transient flow
structure, which is believed to be an intrinsic character-
istic of the turbulent flow. The large eddy simulation is
considered to be able to depict the asymmetrical flow
behavior of molten steel. As can be observed, the wall

Vorticity (1/s)
1.82E+02
1.43E+02
1.14E+02
9.51E+01
7.11E+01
5.34E+01
3.85E+01
2.46E+01
1.12E+01
3.26E+00
0.00E+00

Fig. 7—Distribution of the Q-criterion iso-surface of 350, where the
color indicates the magnitude of vorticity in the tundish at 500 s.

Temperature (K)
1836 (1563 °C)
1700 (1427 °C)
1565 (1292 °C)
1429 (1156 °C)
1294 (1021 °C)
1158 (885 °C)
1022 (749 °C)
887 (614°C)
I 751 (478°C)

Molten steel

616 (343°C)
480 (207 °C)

Fig. 8 —Temperature distribution on the middle longitudinal section
(Y = 0 m) of tundish at 500 s.
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Fig. 9—Distribution of the wall shear stress on the entire internal
refractory wall () and a close-up of the long nozzle inner wall and
turbulent inhibitor inner bottom (b) at 500 s.

shear stress in the center of the turbulent inhibitor inner
bottom just underneath the long nozzle is lower than
that on the surrounding area. This is because the wall
shear stress is determined by the velocity gradient that
represents the washing effect of the molten steel on the
refractory wall.

Figure 10 displays the wear rate distribution induced
by the wall shear stress along the entire internal
refractory wall at 500 seconds. According to Eq. [9],
the wear rate is directly proportional to the wall shear
stress; and as a result, its distribution pattern follows the
wall shear stress map. The molten steel would seriously
wash the inner refractory lining of the long nozzle,
turbulent inhibitor, and outlet.

Besides the washing effect, the molten steel would also
have an impacting effect on the refractory wall. The
resultant wear rate is determined by the total pressure
and flow angle, as mentioned above. As the long nozzle
flow is not completely parallel to the vertical direction,
the high-speed molten steel would impact the long
nozzle inner wall, resulting in greater total pressure, as
indicated in Figure 11. The molten steel then strikes
against the turbulent inhibitor’s inner bottom after
flowing from the long nozzle. It can be seen that a higher
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total pressure is generated in the center of the turbulent
inhibitor inner bottom below the long nozzle, where the
wall shear stress is lower. Furthermore, the distribution
of the total pressure is also asymmetrical at this
moment.

Wear rate (mm/h)
l 6.67E-01
6.05E-01
5.37E-01
4.93E-01
4.48E-01
3.92E-01
3.36E-01
1.64E-01
6.88E-02
I 4.10E-02

2.80E-02

Fig. 10—Distribution of the wear rate caused by the wall shear
stress on the entire internal refractory wall at 500 s.

Total pressure (Pa)
1.60E+05

F 1.54E+05
1.48E+05
1.42E+05
1.37E+05
1.31E+05
1.25E+05
1.19E+05 <
1.13E+05 \\
1.07E+05 N
1.01E+05

Long nozzle inner wall

Turbulent inhibitor inner bottom

(b)

Fig. 11—Distribution of the total pressure on the entire internal
refractory wall (a) and a close-up of the long nozzle inner wall and
turbulent inhibitor inner bottom () at 500 s.
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Figure 12 illustrates the wear rate profile induced by
the total pressure. The most serious wear is observed at
the long nozzle inner wall and turbulent inhibitor inner
bottom, as expected. The inner refractory lining of the
first chamber is also subjected to a certain extent of
wear. However, the wear rate induced by the impacting
effect is lower by one order of magnitude than that of
the washing effect. It is mainly because the refractory
resistance to pressurizing is more advantageous than
that of the polishing (washing) effect.

Figure 13 depicts the distribution of the overall wear
rate (derived as a sum of two wear rates mentioned
above) on the entire internal refractory wall at 500 sec-
onds. The overall wear rate distribution is similar to that
caused by the wall shear stress. The most damaged areas
are the long nozzle inner wall and turbulent inhibitor
inner bottom. Due to the turbulent flow’s unsteady
characteristics, the wear rate distribution is non-uniform
and time dependent, especially at the turbulent inhibitor
inner bottom.

Figure 14 depicts the von Mises stress distribution
along the entire internal refractory wall at 500 seconds.
The von Mises stress is controlled by the fluid acceler-
ation, according to Eq. [5] Higher von Mises stresses are
observed at the walls of the long nozzle, turbulent
inhibitor, weir, and dam, because this tundish configu-
ration strongly affects flow characteristic of the molten
steel. The highest von Mises stress is found at the long
nozzle wall due to the rapid increase of the molten steel
velocity magnitude. In contrast, the molten steel flow is
dramatically hindered by the turbulent inhibitor, weir,
and dam. Although the velocity magnitude change
inside the turbulent inhibitor is more dramatic, the
von Mises stresses at the weir and dam walls are higher
than at the turbulent inhibitor bottom. This can be
attributed to the refractory pressurizing resistance men-
tioned above.

Figure 15 displays the total refractory displacement at
500 seconds. The von Mises stress can be used as the
distortion indicator of the refractory material: higher
von Mises stresses correspond to larger total displace-
ments. As expected, the refractory’s largest deformation
of 1.95 mm was observed at the lower part of the long
nozzle, while those of other tundish elements, such as

Wear rate (mm/h)
l 8.74E-02
7.67E-02
6.45E-02
5.81E-02
5.40E-02
‘ 5.02E-02
4.53E-02
4.01E-02
3.62E-02
I 3.11E-02

1.74E-02

Fig. 12—Distribution of the wear rate caused by the total pressure
on the entire internal refractory wall at 500 s.
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6.01E-01
5.51E-01
5.02E-01

.~ 4.42E-01
3.81E-01
2.04E-01
1.05E-01
7.21E-02
4.54E-02

Long nozzle inner wall

Turbulent inhibitor inner bottom

(b)

Fig. 13—Distribution of the overall wear rate caused by the wall
shear stress and total pressure along the entire internal refractory
wall (a) and a close-up of the long nozzle inner wall and turbulent
inhibitor inner bottom (b) at 500 s.

turbulent inhibit, weir, and dam, were negligibly small.
Furthermore, the outer and inner diameters of the long
nozzle are, respectively, 205 and 105 mm, which are
much larger than the displacement. The influence of the
long nozzle displacement on the molten steel flow was
therefore neglected.

C. Inclusion Formation and Movement

Figure 16 shows the inclusion formation and distri-
bution inside the long nozzle and turbulent inhibitor. It
can be seen that inclusions are first generated at the long
nozzle inner wall as a result of serious wear. Due to
high-intensity turbulence, these inclusions would be
immediately taken away from the molten steel refractory
and flow downward along with the molten steel.
Moreover, the initial diameter of inclusions formed at
the long nozzle inner wall ranged from 20 to 48 um.
Once the molten steel impacts the turbulent inhibitor
inner bottom, more inclusions would then be created.
Their initial diameter (ranging from 13 to 35 um) was
smaller than that generated at the long nozzle inner wall.

1352—VOLUME 52B, JUNE 2021

von Mises stress (Pa)
3.01E+12
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Fig. 14—Distribution of the von Mises stress along the entire
internal refractory wall at 500 s.

Total displacement
(mm)

1.95
M 1.76
156
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Fig. 15—Distribution of the total refractory displacement at 500 s.

Inclusion
diameter (um)

816
742
68.4
59.3
50.9
421
357
. 243
18.4
13.2

Turbulent inhibitor inner bottom

Fig. 16—Inclusion formation and distribution in the long nozzle and
turbulent inhibitor.

With the collision and aggregation, the inclusions would
grow, reaching a maximum diameter of 81.6 um. The
molten steel carrying the inclusions then would go up
due to the restriction of the turbulent inhibitor.
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Fig. 17—Evolution of mass flow rates of the newly formed
inclusions at the long nozzle inner wall, turbulent inhibitor inner
bottom, and other inner walls of the tundish.

The evolution of mass flow rate of newly formed
inclusions at the long nozzle inner wall, turbulent
inhibitor inner bottom, and other inner walls are
depicted in Figure 17. The mass flow rate fluctuates
over time due to the turbulent flow pattern. The mean
value of the fluctuant mass flow rate of the new inclusion
generated at the turbulent inhibitor inner bottom is
larger than that generated at the long nozzle inner wall.
The new inclusions created at other inner walls are the
slowest, since the overall wear rates at the turbulent
inhibitor inner bottom and long nozzle inner wall are
greater, as mentioned above. The area of the turbulent
inhibitor inner bottom is larger than that of the long
nozzle inner wall. Furthermore, the fluctuation ampli-
tude of the mass flow rate of the new inclusion generated
at the turbulent inhibitor inner bottom is larger than
that generated at the long nozzle inner wall. It is mainly
because that the flow inside the long nozzle is steadier
than the impacting flow inside the turbulent inhibitor
since the restriction of the solid pipe. The fluctuations of
the total pressure and wall shear stress at the turbulent
inhibitor inner bottom are thus greater than that at the
long nozzle inner wall.

Figure 18 represents the evolution of the mass flow
rate of inclusions trapped at the two free surfaces of the
molten steel. It can be seen that the mass flow rate of the
inclusion trapped at the first free surface rapidly rises for
about 100 seconds, while that trapped at the second free
surface starts to grow at about 350 seconds. The mass
flow rate of the inclusion trapped at the second free
surface is lower than that trapped at the first free
surface, which indicates that most inclusions float
upward inside the first chamber and are trapped by
the first free surface. It can be concluded that the weir
and dam arrangement significantly influences the inclu-
sion removal process because their position controls the
first chamber volume and the flow features within the
first chamber.
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Fig. 18—Evolution of mass flow rates of the trapped inclusions at
the two free surfaces of the molten steel.
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Fig. 19—Mass distribution of newly generated and trapped
inclusions.

Masses of new inclusions formed at each inner wall
and trapped inclusions at the two free surfaces can be
obtained by integrating the inclusion mass flow rate by
the flow time, as shown in Figure 19. The result
indicates that 49 and 38 pct of new inclusions are
created at the turbulent inhibitor inner bottom and long
nozzle inner wall, respectively. In contrast, only 13 pct
of new inclusions are produced at all other inner walls.
During the molten steel motion, about 80 pct of the
newly generated inclusions are then trapped by free
surfaces (i.e., the slag/steel interface), 78 pct of which
are removed at the first free surface.

Since the casting speed would dramatically change the
flow pattern in the tundish, the casting speed effect was
also investigated using the developed numerical model,
which results are demonstrated in Figure 20. The newly
generated inclusion mass grew from 0.042 to 0.051 kg,
with the casting speed ranging from 1.0 to 1.4 m/min,
which result was quite expected. However, the mass of
the removed inclusion exhibited a different pattern from
the generated one. The molten steel free surface (i.e.,
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Fig. 20—Effect of casting speed on the formation and removal of
inclusion in the tundish.

slag/steel interface) would trap more inclusions with the
casting speed increased from 1.0 to 1.2 m/min. Simul-
tancously, a negative effect was produced on the
inclusion removal if the casting speed continuously
increased to 1.4 m/min. The removal ratio of newly
generated inclusions in the tundish first grew from 61 to
80 pct, with the casting speed variation from 1.0 to
1.2 m/min and then dropped to 63 pct if the casting
speed rose to 1.4 m/min. Because the increased casting
speed promotes the flow-induced erosion on the refrac-
tory lining, resulting in a greater generating rate of
inclusion. With a lower casting speed (1.0 m/min), the
motion of the molten steel in the tundish is too slow for
the removal of the inclusion. The floatation of the
inclusion toward the molten slag layer is determined by
its own small buoyancy. A higher casting speed (1.2 m/
min) could encourage the molten steel flow as well as the
inclusion motion. As a result, more inclusions would
float upwards under the action of the more vigorous
molten steel flow. The increasing of the inclusion
removal ratio, however, would lag behind that of the
inclusion generation rate when the casting speed
increases to 1.4 m/min. The final removal ratio therefore
reduces with the 1.4 m/min casting speed. An optimal
casting speed that simultaneously ensures higher pro-
ductivity and a greater inclusion removal rate can be
therefore obtained for the continuous casting process.
As discussed above, the generation, motion, and
removal of the exogenous inclusion could be described
by the established numerical model. The results
obtained strongly indicate that the exogenous inclusion
tends to be produced at the turbulent inhibitor inner
bottom and long nozzle inner wall due to serious wear,
impacting, and washing effects. The proposed numerical
model can be employed to optimize the refractory lining
material and tundish elements for reducing the forma-
tion and promoting the removal of exogenous inclu-
sions. Furthermore, the computational framework
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could be extended to the simulation of other metallur-
gical vessels such as basic oxygen furnace, ladle, and
Ruhrstahl-Heraeus degasser. The casting speed could
also be carefully adjusted using the proposed numerical
model for a higher productivity and inclusion removal
ratio.

V. CONCLUSIONS

To explore the formation and removal of exogenous
inclusions in a full-size two-strand tundish, an unsteady
3D comprehensive numerical model of the flow pattern,
temperature, and stress distribution was elaborated. The
main findings can be drawn as follows:

1. The temperature drop of about 16 K (16 °C) was
estimated for the molten steel moving through the
tundish, and the average temperature of the refrac-
tory outer surface was assessed at about 480 K (207
°C), which agreed well with the actual tundish mea-
surements.

2. Both the impacting and washing effects of the molten
steel would damage the refractory lining. The wear
rate induced by the impacting effect is smaller by one
order of magnitude than that arising from the
washing effect. The most damaged areas are the long
nozzle inner wall and turbulent inhibitor inner bot-
tom.

3. Higher von Mises stresses were observed at the long
nozzle wall, turbulent inhibitor inner bottom, weir
wall, and dam wall. The maximal value of the total
displacement of 1.95 mm was observed at the lower
part of the long nozzle. The total displacements of
other tundish elements, such as turbulent inhibit,
weir, and dam, were negligibly small.

4. With a 1.2 m/min casting speed, 49 and 38 pct of the
exogenous inclusions were created at the turbulent
inhibitor inner bottom and long nozzle inner wall,
respectively. In contrast, only 13 pct of new inclu-
sions were produced at all other inner walls of the
tundish. About 80 pct of the newly generated inclu-
sions were then trapped by free surfaces (78 pct at the
first free surface). Besides, the initial diameter of
exogenous inclusions ranged from 13 to 48 um.

5. The removal ratio of the exogenous inclusion in the
tundish first increased from 61 to 80 pct, with the
casting speed rise from 1.0 to 1.2 m/min and then
dropped to 63 pct if the casting speed grew to 1.4 m/
min.
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