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Abstract: In this article, physical and numerical simula-
tion of the flow field in flexible thin slab caster funnel
mold at high casting speed is carried out with a five-hole
submerged entry nozzle (FHSEN), and characteristics
of the flow field on funnel mold liquid level under dif-
ferent casting speeds (4, 5, and 6 m-min™') and different
submerged depths (130, 160, and 190 mm) are studied by
comparing with the new submerged entry nozzle (NSEN)
designed. Physical simulation is based on the funnel
mold prototype. Numerical simulation is carried out based
on FLUENT software, and industrial experiments of two
kinds of submerged entry nozzle are also carried out.
The results show that in the case of both physical and
numerical simulation, the maximum surface velocity of
the FHSEN funnel mold is 0.58 m-s™, and the funnel mold
liquid level is prone to slag entrapment. The NSEN funnel
mold’ maximum surface velocity is 0.37 m-s'. Compared
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with the FHSEN, the NSEN funnel mold’ maximum surface
velocity decreases by 0.21 m-s~}, and funnel mold surface
velocity decreases significantly. Finally, the accuracy of
simulation results is verified by industrial tests, and it is
also show that NSEN can greatly reduce funnel mold sur-
face velocity and probability of slag entrapment.

Keywords: funnel mold, submerged entry nozzle, surface
velocity, simulation, industrial test

1 Introduction

The suitable shape of submerged entry nozzle (SEN) can
better optimize the flow field and surface velocity of the
funnel mold, which has a decisive influence on the
quality of thin slab [1]. Since the high-efficiency contin-
uous casting technology was put forward, casting speed
is getting higher and higher, which also brings many pro-
duction problems. For example, when the casting speed of
flexible thin slab caster (FTSC) reaches 4 m-min~!, the
funnel mold liquid level fluctuation increases, which will
cause a series of adverse effects, such as slag entrapment,
resulting in the slab slag inclusion problem [2,3]. The
uneven distribution of the liquid slag layer affects the
lubricating effect of the slag and makes the slab prone to
crack defects [4,5]. When the slag inclusion by the fluctua-
tion of the liquid level is enriched at the solidified shell, it
is easy to cause breakout and other production quality
problems. All of these are related to the flow field distribu-
tion at the funnel mold liquid level, which is directly
related to the shape of SEN [6,7]. However, the shape of
SEN is limited by the size of funnel mold, and so when the
SEN shape is flat and thin, it is more difficult to design
the SEN for funnel mold. In the past, different shapes of
the SEN were designed, typical shapes include “cownose,”
“dissipative,” and “five-hole” [8]. The common design fea-
tures of these SENs have the advantages of increasing the
flow of molten steel, stabilizing the casting speed, and
high service life [9]. However, the previous SENs are some-
what insufficient for the stability of the current high
casting speed funnel mold flow field, their outlet area is
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small, and the outlet angle and molten steel flow velocity
are large, which leads to the upward movement of the
swirl zone and the increase of the surface velocity, which
easily leads to slag entrapment. Therefore, this article
designs a new submerged entry nozzle (NSEN), whose
design idea is to increase the outlet area and reduce the
outlet angle. This design has the following advantages:
large amount of molten steel passing through the outlet,
low flow velocity of molten steel at the outlet, and reduced
kinetic energy of collision between molten steel at the
outlet and narrow face of funnel mold. Finally, the surface
velocity of the upper reflux at the liquid level is reduced,
and the purpose of controlling the shear slag entrapment
at the liquid level is achieved.

To study the application effect of the NSEN, based on
the FTSC funnel mold, this article focuses on the use of
FLUENT software to numerical simulation of the funnel
mold flow field of the five-hole submerged entry nozzle
(FHSEN) and NSEN, respectively, and make a compar-
ison. The specific scheme is to study and compare the
characteristics of funnel mold liquid level flow field under
the conditions of constant submerged depth of 130 mm;
casting speeds of 4, 5, and 6 mmin~'; constant casting
speed of 6 mmin~"; and submerged depths of 130, 160,
and 190 mm. Finally, the simulation results are compared
with industrial tests. The results show that compared with
the FHSEN, the NSEN has the characteristics of stable
liquid level, low surface velocity, and not easy to slag
entrapment.

2 Experimental and simulation

2.1 Funnel mold and submerged entry nozzle
model description

The model in this study uses FTSC funnel mold, and its
size is 1,520 mm x 73 mm x 1,200 mm (width x thickness x
height). The middle part is funnel shaped, the width of
the funnel area is 800 mm, the height is 900 mm, and the
lower part is a rectangular area of 300 mm. The funnel
mold has the characteristics of “narrow at both ends and
wide in the middle.” See Figure 1.

The SEN used in the model is FHSEN and NSEN. The
main characteristics of the FHSEN are that the upper part
is cylindrical, and the transition from the lower end of the
cylinder to the lower end of the SEN is in a flat fan shape,
the outlet at both sides of the FHSEN is 45°, and there is a
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Figure 1: Funnel mold model.

notch dam in the middle and a 33 mm dam between the
outlet at both ends and the vertical 18 mm rectangular
outlet in the middle, as shown in Figure 2(a). The main
difference between the NSEN and FHSEN is that the lower
end of the SEN is a through vertical downward outlet, and
the outlet area at both sides is large, while the outlet area
at the middle connecting part is small. The fluid domain
of the NSEN is shown in Figure 2(b).

2.2 Physics simulation

The physical flow field verification of the FHSEN and
NSEN is consistent in principle. To save time and cost
of making experiment equipment, the FHSEN is selected
as the representative of the physical experiment to verify
the accuracy of the numerical simulation results, and the
NSEN is directly analyzed by numerical simulation.

The experiment adopts a 1:1 full-scale water physical
model. The flow of molten steel in the funnel mold is
mainly affected by viscous force, gravity, and inertial
force [10,11]. Therefore, we can only consider the Equality
of Froude numbers, and so equation (1) is derived.
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Figure 2: SEN shape: (a) FHSEN and (b) NSEN.

where u,, is the molten steel flow velocity, m-s™; up, is the
velocity of water, m-s~}; g is the acceleration of gravity,
m-s; Ipis the length of the actual funnel mold, m; and I,
is the length of model funnel mold, m.

A 1:1 water physical model made of plexiglass mate-
rial was prepared in the experiment, and the water flow
was controlled by a nozzle valve with closed-loop stabi-
lity control, as shown in Figure 3(a) and (b). In addition,
the ultrasonic flowmeter and the water pump control
system are used to control the casting speed. LGY-II pro-
peller speedometer is used to measure surface velocity
because it is a portable ultra-small speedometer using
advanced electronic technology, sensing technology, and com-
puter software and hardware technology, see Figure 3(c).
China’s national invention patent has been obtained and
is widely used by China Water Resources Bureau. The
measurement method is as follows: under the condition
that the experimental state is stable, the propeller can be
placed at the position completely covered by the liquid
level, and then the measurement will start, the LGY-II
propeller speedometer will automatically continuously
measure for three times, and then the average value of the
surface velocity is displayed on the screen. The seven mea-
suring points are shown in Figure 3(d). The whole data
acquisition process is automatically acquired by computer
and processed by professional software.

The water physical model experiment was carried out
for the FHSEN under two different process conditions.
The two process conditions are as follows:

(1) Keep the submerged depth of the FHSEN constant at

130 mm, and study the influence of different casting
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speeds (4, 5, and 6 m-min') on the liquid level flow
field of the funnel mold.

Keep the casting speed constant at 6 m-min~!, and
study the influence of different submerged depths
(130, 160, and 190 mm) on the liquid level flow field
of the funnel mold.

)]

In addition, to check the influence of the surface
velocity on slag entrapment, on the basis of the afore-
mentioned experimental scheme, the oil-water two-phase
experiment was carried out with the vacuum pump oil
prepared according to the principle of kinematic viscosity
similarity to replace the slag, and the vacuum pump oil
thickness is 10 mm.

2.3 Numerical simulation

In this article, the flow field of the funnel mold is numeri-
cally simulated by FLUENT software. Due to the complex
flow behavior of molten steel in the funnel mold, to estab-
lish a suitable mathematical model, the following assump-
tions are made [12,13]: (1) The molten steel flow in the
funnel mold is viscous and incompressible. (2) The density
difference after solidification of the slab is ignored, and the
molten steel in the funnel mold is treated as a homogeneous
medium. (3) The influence of factors such as funnel mold
vibration on the flow field is not considered. (4) The funnel
mold wall is defined as a nonslip boundary. (5) The influ-
ence of the solidified shell on the funnel mold is ignored.
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Figure 3: Physical experiment: (a) schematic diagram of physical experiment, (b) physical experimental model, (c) LGY-II propeller

speedometer, and (d) measuring position.

2.3.1 Control equation

Molten steel in funnel mold is a three-dimensional
incompressible fluid, and its flow control equations
include continuity equation, momentum equation, and
turbulence model equation. The turbulence model used
in this article is the standard k — € equation, and the
specific equations (equations (2)—(7)) [14,15] are pre-
sented as follows:
Continuity equation:
apui
B3

- 0. 2)

N-S equation:

Aouu: . oy, oy
(/;ulu,) L dow) _ 9P D I H
X; ot u  0x ax;  ox; 3)
+ pgz + E9
where

Mo = My + e = Jy + pGk/e. (4)

where y, is determined by the two-equation turbulence
model proposed by Launder and Spalding. When the k—¢
model is used:

U, = pCk?/e. )

Turbulent Kkinetic energy equation:
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Dissipation rate of turbulent kinetic energy:

R d u; ) 0e Ce  ou;| oy
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u; 2
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where u; and u; are the time-averaged velocity of the
turbulent flow, m-s'; x; and x; are the coordinate vari-
ables; p is the molten steel density, kg-m~>; Pis the pres-
sure acting on the fluid micro-element, Pa; p.g is the
effective viscosity coefficient, Pa-s; y; and y, are the visc-
osity coefficients of laminar flow and turbulent flow,
respectively; g; is the acceleration due to gravity in the i
direction; and F; is the source term.

In the numerical simulation, the coefficients of the
aforementioned formulas are the values recommended by
Launder [16]: C, = 1.44, C;, = 1.92, C, = 0.09, 0y = 1.0, and
o, =1.3.

2.3.2 Multiphase model

In the simulation of the funnel mold steel/slag interface,
the volume of fluid (VOF) method was used to track the
steel/slag interface, define the fluid volume fraction in
the space grid of the moving interface, construct the
development equation of the fluid volume fraction, track
the changes of the interface, determine the position and
shape of the steel/slag interface, and thus construct the
steel/slag interface.

The VOF model was employed to solve the multi-
phase system steel-slag. This scheme performs the calcu-
lation of the interface between the phases (p and q) pre-
sent at each cell, based on their fraction as follows [17]:

(8)
)

Prix = QpPpy + - (Xq)Pp,

ymix = ap.up + (1 - aq)yp,

where pp,;, is the mixed phase density, kg-m™>; pimiy is the
mixed phase viscosity, Pa s; a,, a, are the volume fraction
of the py, and gy, phases, respectively, %; and p,, is the
viscosity fraction of the py, phase, %.

A unique continuity equation for the transient system
is derived depending on the number of phases; therefore,
equation (10) is divided by the amount of phase g in the
cell. The mass exchange between phases can be modeled
by introducing an additional source term (S,,) [18].
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n
S (@) + V@, 7) = Sa, + 3Gy~ ). (10
where p, and p, are the density fraction of the gy, and pym,
phases, respectively, kg-m~>; and Mpg, Mgy are the mass
exchange between p and g phases, respectively, kg/s.
The VOF model solves a single set of momentum
transfer equations when two or more phases coexist in
the cell.

0
g(pmixv) + V'(pmix77)

= -Vp + V[ymiX(VV + V)] - S + S,

(11)

where Sg and S,; are the exchange rate of the stress tensor.

The tracking of the interface is accomplished by an
implicit method, which solves the face fluxes () in each
grid cell through equation (12):

n+l n+1 _

a p anpn
q Fq o qarq v+ z(p;HU}Hla(;Fl)
f
n (12)
= [saq + Y (it — m,,p)}v.
p=1

2.3.3 Domain and mesh

To reduce the calculation time, according to the sym-
metry of the flow in the funnel mold, the calculation
area is taken as 1/4 of the funnel mold flow area for
simulation calculation. To avoid the influence of reflux
on the calculation accuracy, the length of the calculating
funnel mold domain was determined to be 2,200 mm by
trial calculation. The MESH module of Ansys software is
used to divide the model, tetrahedral unstructured cells
and hexahedral cells were used, and the funnel mold
liquid level domain was encrypted. The mesh-indepen-
dent verification of the calculation results was carried out,
and the cells of the FHSEN funnel mold model and the
NSEN funnel mold model were determined to be about
1.1million and 0.98 million, respectively. See Figure 4.

2.3.4 Boundary conditions
Turbulence intensity I [19]:
(13)

2 1/8
I=0.16Res = 0,16("1LtDH) .
%

Determination of turbulent kinetic energy K and tur-
bulent kinetic energy dissipation rate € [20]:
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3
K= E(Vinletl)zf (14)
k3/2
_ ~3/4
£ = C}l T. (15)

The Re is the Reynolds number, the hydraulic diameter of
Dy is 80 mm, and V is the kinematic viscosity of molten
steel.

According to the casting speed (4, 5, and 6 m-min™),
the inlet velocity of the funnel mold SEN can be deter-
mined. € and K can be calculated by equations (14) and
(15), respectively. In the VOF model, the thickness of the
slag layer above the molten steel level of the funnel mold
is set as 30 mm, and the rest is molten steel. A pressure
outlet condition was chosen on the domain bottom at the
funnel mold outlet as O Pascal gauge pressure. The non-
slip boundary condition is used for the wall surface, and
the standard wall function method is used for the near-
wall area.

2.3.5 Computing approach

The control equations were discretized and solved by
the computational segregated-iterative method in ANSYS
FLUENT with a second-order upwind scheme. In the VOF
model, the nonlinear control equations were linearized
using the implicit approach. The body weighted scheme
was used for pressure interpolation; this scheme computes
the cell-face pressure by assuming that the normal gra-
dient of the difference between pressure and body forces
is constant. The algorithm used for pressure—velocity cou-
pling is known as SIMPLEC. The transient calculation is
also carried out, and convergence criterion was obtained
when the residuals of the output variables reached values
equal or smaller than 0.0001. The transient, two-phase

— Molten steel «————

Extension of the
domain

Slag f \" ”

utlet «—

model was started at time = Os and run for 100s. The
flow was allowed to develop for 15s, and then a further
time of data was used for compiling time-averages.

2.3.6 Simulation scheme

The established mathematical simulation objects are the
three-dimensional thin slab funnel mold combined with
the FHSEN and NSEN, respectively. The simulation scheme
is designed as follows:

(1) The submerged depth is constant at 130 mm, and the
casting speed is selected as 4, 5, and 6 m-min~’,
respectively.

(2) The casting speed is constant at 6 m-min~’, and the
submerged depth is 130, 160, and 190 mm.

Parameters used in physical and numerical simula-
tions are presented in Table 1.

3 Results and discussion

3.1 Physical and numerical simulation of
FHSEN

3.1.1 Influence of casting speed on the funnel mold
surface velocity

When FHSEN submerged depth is constant at 130 mm,
physical simulation and numerical simulation of the
funnel mold surface velocity under the conditions of 4,
5, and 6 m-min~! are carried out. Figure 5 shows that the
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Table 1: Parameters used in physical and numerical simulations

Item

Value

Funnel mold size diameter (mm)
Five-hole nozzle inlet diameter (mm)
NSEN inlet (mm)

Submerged depth (mm)

Casting speed (m-min?)

Molten steel density (kg:m~)
Molten steel viscosity (Pa-s)
Slag/molten steel surface tension (N-m™)
Liquid slag density (kg-m~)

Liquid slag viscosity (Pa-s)

Water density (kg-m~)

Water viscosity (Pa-s™?)

Vacuum pump oil density (kg:m~3)
Vacuum pump oil viscosity (Pa-s)
Vacuum pump oil thickness (mm)

1,520 x 73 x 2,200
80

80
130/160/190
4/5/6

7,020
0.0064

1.3

2,700

0.18

1,000

0.001

866.8

0.101

10

Velcocity (m/s) 0.00 0.06 0.13 0.19 0.25 0.31
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Figure 5: Influence of casting speed on funnel mold surface velocity.
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Figure 7: Typical liquid level fluctuation.

surface velocity of each measuring point in the funnel
mold increases with the increase of the casting speed,
whether in physical simulation or numerical simulation.
At the centerline of the funnel mold wide face, along the
FHSEN to the funnel mold narrow face, the surface velo-
city increases first and then decreases. At about 350 mm
away from the FHSEN, the maximum surface velocity is
obtained at all casting speeds, and its maximum value
fluctuates between 0.35 and 0.56 m-s™". The reason is that

Velcocity (m/s) 0.00 0.06 0.13 0.19 0.25 0.31
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100 200 300 400 500 600 700 800
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Figure 8: Influence of different submerged depths on surface
velocity.

when the casting speed increases, the amount of molten
steel flowing from the FHSEN outlet increases per unit
time, the Kkinetic energy of the stream increases, the
kinetic energy of the upward flow formed after colliding
with the narrow face also increases, the average liquid
level turbulent kinetic energy also increases, the liquid
level is active, the velocity of the final upflow when it

0.37 044 0.50 0.56

£ o
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2 [
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Figure 9: Surface velocity of different submerged depths at 6 m-min~* casting speed: (a) 130 mm, (b) 160 mm, and (c) 190 mm.
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(b)

Figure 10: Funnel mold liquid level slag entrapment diagram: (a) physical simulation and (b) numerical simulation (30 s).

reaches the liquid level of the funnel mold increases, and
the probability of slag entrapment also increases. In addi-
tion, when the casting speed is 4, 5, and 6 m-min~’, the
curve trend of physical simulation value and numerical
simulation value is basically consistent, which is in good
agreement.

When the casting speed is 4-6 m-min~!, the max-
imum range of surface velocity is 0.38-0.56 m-s™, as
shown in Figure 6, and when the minimum casting speed
is 4m-min, the liquid level near the SEN fluctuates
greatly, and slag entrapment is easy to occur at this posi-
tion, as shown in Figure 7.

Figure 6 shows one thing in common that there are
two obvious areas of high speed on the liquid level, one is
the region with the highest surface velocity near SEN, and
the other is the region with relatively low surface velocity
near the narrow surface of funnel mold. The reason is
that after the molten steel from SEN impinging on the
narrow face of the funnel mold, the increasing flow is
mainly divided into two parts, one part flows upward
along the narrow face of the funnel mold, and finally, it
flows out on the liquid level close to the narrow face of
the funnel mold. Another large part of the diverter flows
upward at a large angle to the narrow face of the funnel
mold and finally exits at the liquid level near the SEN. A
typical flow path image is shown in Figure 6(d).

Therefore, when the SEN submerged depth is con-
stant at 130 mm and the casting speed is 4-6 m-min",
there will be obvious vortex phenomenon on the funnel
mold liquid level at the funnel mold liquid level near the
SEN and narrow face, which is also shown in Figure 7.
The higher the horizontal surface velocity of the funnel
mold liquid level, the more active the steel/slag interface,
which is beneficial to slag melting. However, if the hori-
zontal surface velocity of the funnel mold is too high, the
liquid level will be unstable, and it is easy to cause slag
entrapment. Therefore, adopting a larger submerged depth
or reducing the casting speed is beneficial to reduce the
surface velocity and reduce the probability of slag entrap-
ment. However, if the submerged depth is too deep, a
series of adverse effects will be produced, such as being
unfavorable for the floating of inclusions and the liquid
core being too long [21].

3.1.2 Influence of FHSEN submerged depths on funnel
mold surface velocity

At a constant casting speed of 6 m-min!, when the FHSEN
submerged depth is 130, 160, and 190 mm, respectively.
The physical simulation value of the funnel mold surface
velocity is in good agreement with the numerical simula-
tion value, see Figure 8. At the same time, the surface
velocity of each measuring point at the same position in
the funnel mold decreases with the increase in the sub-
merged depth, whether it is physical simulation or numer-
ical simulation. Because when the FHSEN submerged
depth increases, the distance from the upflow formed by
the funnel mold narrow face to the liquid level increases,
the kinetic energy loss of the upwelling flow increases as it
moves to the liquid level, and the speed of the upward flow
formed when it reaches the liquid level becomes smaller.
The shallower the submerged depth of the FHSEN, the
closer the upper swirl zone is to the funnel mold liquid
level, and the stronger the upper backflow impinges on the
liquid level. At the same submerged depth, the surface
velocity increases first and then decreases with the increase
in the distance from the FHSEN. Both physical simulation
results and numerical simulation results show that the

0.40

035

0.30 -

—a— Numerical Simulation 4 m/min
—o— Numerical Simulation 5 m/min
—&— Numerical Simulation 6 m/min

0.25 -

0.20 -

0.15 -

Liquid surface flow velocity (m/s)

0.05 -

1 1 1 1 1
300 400 500 600 700

Distance from nozzle (mm)

1
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Figure 11: Influence of the casting speed on funnel mold surface
velocity.
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Figure 12: Surface velocity distribution of funnel mold at different casting speeds and cloud image of fluid flow in the funnel mold:
(@) 4m-min™", (b) 5m-min"%, (c) 6 m-min~", (d) FHSEN, and (e) NSEN.
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0.40 surface velocity reaches its maximum value when it is about
350 mm away from the FHSEN. Figure 9 shows in detail the

= 035 surface velocity at different submerged depths at a constant
% 030 casting speed of 6 m-min~". Figure 9 shows that with the
'§ increase in the depth of the SEN, the drop of the funnel
T025} mold surface velocity decreases. When the depth of the
g 050 SEN increases from 130 to 190 mm, the maximum flow sur-
E T 122232:2232122322:212822 face velocity of the funnel mold decreases from 0.58 to
€ 015 —A—Nozzle immersion depth 190 mm 0.34m-s™". The numerical simulation results show that the
;z maximum surface velocity decreases from 0.56 to 0.39 m-s .
'g_ 0.10 - Figure 8 shows that at the meniscus surface of the narrow
= 005 | face of the funnel mold, the gap between the surface velocity
and the adjacent measuring points decreases because the

1 1 1 1 1 1
100 200 300 400 500 600 700 800

flow stocks rising along the narrow face of the funnel mold
Distance from nozzle (mm)

flow out of the liquid level here, leading to the increase in

Figure 13: Influence of different submerged depths on surface the flow rate here.
velocity.
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Figure 14: Surface velocity of different submerged depths at 6 m-min~* casting speed: (a) 130 mm, (b) 160 mm, and (c) 190 mm.
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Figure 15: Funnel mold liquid level slag entrapment diagram: (a) 30 s and (b) 60 s.

Figure 16: NSEN for experiment.

It can be seen that the physical simulation results are
in good agreement with the numerical simulation results.
The higher the casting speed, the deeper the submerged
depth should be, which is beneficial to reduce the prob-
ability of liquid level fluctuation.

When the FHSEN submerged depth is 190 mm, under
the casting speed of 4 m-min~’, in the oil and water phy-
sical simulation, Figure 10(a) shows that the direction of
the surface velocity vector points from the funnel mold
narrow face to the FHSEN, and the oil on the liquid level
close to the narrow side follows the flow of molten steel
and is pushed to the center between the FHSEN and the
narrow face. Since the liquid level velocity is within
the maximum range, the oil is sheared into the water,
and the phenomenon of slag entrapment occurs. The
VOF simulation results also show that when the volume
fraction of slag is 0.05%, the phenomenon of slag entrap-
ment occurs on the liquid level, see Figure 10(b).

Through the physical simulation and numerical simu-
lation results of the FHSEN, it can be seen that when the
FHSEN is used, the maximum submerged depth is 190 mm
and the minimum casting speed is 4 m-min". The liquid

IRRRRARAR]

120

760 : Unit: mm

'

'

i
@
Stainless nail ! 70 ! ' _60 E

. + - ) ~
o 20 3 bS o o ¢ w ?,
Al nail {16 ' H
=
Wide face

Figure 17: Description of the nail board and position for dipping tests: (a) nail board and (b) position for dipping tests.
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1
7

Figure 18: Dipping tests: (a) morphology of nails after dipping tests
and (d) solidified steel lumps characteristic parameters.

level has the slag entrapment phenomenon. It also shows
that using the FHSEN, whether changing the casting speed
or the submerged depth, the maximum value of the sur-
face velocity is larger, and the phenomenon of slag entrap-
ment occurs on both sides of the FHSEN. Therefore, it is a
feasible method to optimize the shape of the FHSEN or use
the electromagnetic braking technology to change the flow
field in the funnel mold [22].

3.2 Numerical simulation of the NSEN

3.2.1 Influence of casting speed on the funnel mold
surface velocity

The submerged depth of the NSEN is constant at 130 mm,
and the surface velocity distribution of the funnel mold
centerline along the funnel mold wide side at casting
speeds of 4, 5, and 6m-min~" is shown in Figure 11. At
different casting speeds, the liquid level centerline of the

Submerged entry nozzle on funnel mold surface velocity =—— 13

surface velocity distributions along the NSEN to narrow
face is all sinusoidal half-waveform. And, as the casting
speed increases, the flow velocity at the same position gra-
dually increases. At the position of about 450 mm, wave
peaks appear at the same time. When the casting speed is
4 m-min’, the peak value of the surface velocity is the smal-
lest, which is 0.11 m-s™. It can be seen that when the NSEN
submerged depth is constant at 130 mm and the casting
speed is in the range of 4-6 m-min~}, the funnel mold sur-
face velocity fluctuates between 0.11 and 0.37m-s™, see
Figure 12(a)—(c). Compared with the NSEN, the funnel mold
surface velocity decreased by 0.19-0.27 m:s ", and the surface
velocity decreased significantly. The reason is that the SEN is
submerged in the same depth, and the NSEN outlet is verti-
cally downward and the molten steel stream flows down-
ward vertically, causing the main upper swirl area to be
far away from the funnel mold liquid level, leading to the
kinetic energy of the upper backflow impinging liquid level
to be weakened and hence the surface velocity decreases,
see Figure 12(d) and (e). However, when the casting speed is
6 m-min ", the upwelling speed is large and can reach the
liquid level; therefore, the surface velocity has a large gap
with the curve of 4 and 5m-min~?, and the maximum sur-
face velocity moves to the narrow face by about 100 mm.

3.2.2 Influence of submerged depths on funnel mold
surface velocity

When the casting speed is constant at 6 m-min~’, the
funnel mold surface velocity under different submerged
depths is shown in Figures 13 and 14. Figure 13 shows
that the velocity distribution of the funnel mold liquid
level centerline along the wide face presents a half-sine
wave. When the submerged depth is 130 mm, the funnel
mold surface velocity is the largest, reaching 0.37 m-s ™,
and when the submerged depth is 190 mm, the funnel
mold surface velocity is the smallest, reaching 0.14 m-s .
Figure 13 shows that the surface velocities for a shallow
immersion depth (130 mm) are about three times those for
a deep immersion (190 mm). The reason is obvious, the
greater the submerged depth of the SEN, the farther the
upper swirl zone is from the funnel mold liquid level,
resulting in a lower surface velocity. Compared with the
FHSEN, when the casting speed is constant at 6 m-min !
and the submerged depth is between 130 and 190 mm, the
funnel mold surface velocity decreases by 0.19-0.25m-s ™",
and the surface velocity decreases significantly.

To study whether the funnel mold liquid level of the
NSEN is slag entrapment, two-phase VOF simulation was
carried out on the slag and molten steel at the maximum
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Figure 19: Time-averaged surface velocity by the nail board measurements at a submerged depth of 130 mm: (a) 4 m-min~%, (b) 5 m-min~%,

and (c) 6 m-min~2

surface velocity of the funnel mold liquid level, that is, the
NSEN submerged depth is 130 mm and the casting speed is
6m-min~". Under the numerical simulation results of 30
and 60s, the slag/steel interface with the slag volume
fraction of 0.05% is shown in Figure 15. Figure 15 shows
that the interface fluctuation is small and the fluctuation
values are within +6 mm. In addition, as a result, there
is no slag entrainment on the funnel mold liquid level. It
can be shown that when the NSEN is used, the probability
of slag entrapment on the funnel mold liquid level is
very small in the range of the NSEN submerged depths
130-190 mm and casting speed 4—6 m-min .

3.3 Industrial test

The effect of different SEN on the funnel mold surface
velocity was tested in industry from February to May
2022. The online status of the NSEN is shown in Figure 16.

Distance from SEN (mm)

1

Using low carbon steel as experimental steel grade,
the funnel mold surface velocity was measured at dif-
ferent casting speed and submerged depth by using the
nail board. To keep the nails horizontal and stable in the
dipping tests, one end of the nails used is inserted into
the wood board. Each stainless nail has a length of
150 mm and a diameter of 5mm, spaced 70 mm apart
and attached to the wood board, together with 3 mm dia-
meter aluminum nails. This is shown in Figure 17(a), and
the dipping position is shown in Figure 17(b).

During dipping tests, the molten steel solidifies on
the nail surface after staying for about 2-3s and lifting
vertically. As molten steel flows around the nails, it is
pushed up on the windward side and down on the lee-
ward side, so solidifies an angled lump around each nail.
As shown in Figure 18(a), after taking out the nails from
the molten steel pool, these solidified steel lumps are
used to reveal the liquid level profile and the velocity
across the top of the mold. Surface velocity vs (m-s™) at
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Figure 20: Time-averaged surface velocity by the nail board measurements at a casting speed of 6 m-min~*: (a) 130 mm, (b) 160 mm,

(c) 190 mm.

the nail is estimated from the measured lump height dif-
ference h lump (mm), and lump diameter d lump (mm),
see Figure 18(b), using the empirical equation (16) devel-
oped by Liu et al. [23,24]. Based on the data of computa-
tional modeling by Rietow and Thomas [25], for each test,
the nail board was dipped into the molten steel for about
3-4 s with 1 min time interval between tests.

vy = 0.624-d~06%6. 0567, (16)

where v, is the surface velocity, m-s~, d is lump diameter,
mm, and h is the lump height difference, mm.

Figures 19 and 20 show the funnel mold surface velo-
city measured with nail board using the FHSEN and
NSEN, respectively. See Figure 19, when the SEN sub-
merged depth is constant at 130 mm and the casting
speed is within the range of 4-6 m-min~}, the funnel
mold surface velocity of the FHSEN is significantly higher
than that of the NSEN funnel mold, and the maximum
funnel mold surface velocity basically occurs at 1/2 of the

distance between the SEN and the narrow face of the
funnel mold, and with the increase in the casting speed,
the measured funnel mold surface velocity increases. At
the same time, as the casting speed is higher, the surface
velocity curve of the funnel mold using the NSEN changed
from gentle to steeper, indicating that the fluctuation of
the surface velocity was intensified; the surface velocity
curve of the FHSEN funnel mold fluctuates greatly at
low or high casting speed. When the casting speed is
6mmin~’, the maximum surface velocity measured by
the nail board is 0.446 m-s™, which is 0.186 m-s™ lower
than 0.632m-s™! of the FHSEN funnel mold, and the sur-
face velocity decreases significantly. Compared with the
numerical simulation results of 0.37ms™, the surface
velocity increased by 0.076 m-s . At other casting speeds,
the measured results are not much different from the
numerical simulation results.

Figure 20 shows that when the casting speed is con-
stant at 6 m-min ' and the submerged depth of the SEN is
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in the range of 130-190 mm, the surface velocity of the
FHSEN funnel mold is significantly higher than the NSEN
funnel mold surface velocity as the SEN submerged depth
is larger, the funnel mold surface velocity decreases, and
the surface velocity change is becoming more and more
gentle. The maximum surface velocity basically appeared
in the middle part between the SEN and the narrow face of the
funnel mold. The maximum surface velocity of the FHSEN
funnel mold fluctuated between 0.481 and 0.652 ms™', while
the maximum surface velocity of the NSEN funnel mold
fluctuates between 0.185 and 0.446 m-s™), according to
refs. 26 and 27. When the surface velocity is less than about
0.38-0.42m-s ", the liquid level slag entrapment phenom-
enon is not easy to occur. Therefore, the NSEN has certain
advantages over the FHSEN in controlling the liquid level
slag entrapment.

According to the nail board tests, when the SEN sub-
merged depths is 130-190 mm and the casting speed is
Figure 21: Sliver defects. 4-6 m-min ", the maximum surface velocity of the funnel
mold using NSEN is 0.446 m-s™, which is about 0.206 m-s™*
lower than the maximum surface velocity of the FHSEN
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Figure 22: S-3400N scanning electron microscope detection results: (a) morphology and (b) composition.
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funnel mold of 0.652m-s™". Compared with the maximum
surface velocity (0.652m-s™' of FHSEN funnel mold and
0.446 m-s™* of NSEN funnel mold) of the dipping test results
and the numerical simulation results (0.56 m-s™* of FHSEN
funnel mold and 0.37 m-s™* of NSEN funnel mold), the sur-
face velocity calculated by the factory experiment is higher
than the simulated surface velocity, but the overall devia-
tion is controlled at about 21% due to the simplification of
the model and the complex production conditions in the
actual production.

In addition, in 2021, the sliver defect rate (number of
roll coils/total roll coils) caused by slag inclusion was
11.6% for the continuous casting slabs with FHSEN, while
the sliver defect rate caused by slag inclusion decreased
to 5.8% (86 coils in total) after using the NSEN, and the
decrease was obvious. The sliver defects were detected
under S-3400N scanning electron microscope, which con-
tained K and Na elements, indicating that the sliver defects
contained slags. Typical sliver defects and SEM images are
shown in the Figures 21 and 22, respectively. It can be seen
that the industrial test results show that the NSEN has
certain advantages over the FHSEN in controlling the sur-
face velocity and the slag entrapment caused by the sur-
face velocity. Meanwhile, the reliability of the numerical
simulation results is also verified.

4 Conclusion

By comparing and analyzing the numerical simulation
results of the FHSEN and NSEN, it can be seen that the
molten steel at the outlet of the NSEN flows out at a nearly
downward vertical angle, and the impact position is
deep. After the flow strand collides with the narrow sur-
face of the funnel mold, the upper reflux area is far away
from the liquid level of the funnel mold, resulting in the
weakening of the kinetic energy when the upper reflux
hits the liquid level, compared with the FHSEN, the sur-
face velocity of the NSEN is reduced by 0.19-0.24 m-s ",
and the probability of slag entrapment at the liquid level
is also decreased obviously. The industrial test has also
proved that the NSEN has lower surface velocity and is
not easy to slag entrapment.
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