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1 Introduction

Refractories for continuous casting, especially
molten steel teeming system refractories from tundish
(TD) upper nozzle to submerged entry nozzle (SEN), are
parts where higher reliability and higher functionality are
required for determining finally the quality of the steel
products. In the Krosaki Harima Corporation, many
researches and developments have been also conducted in
this field. They are technologies on nozzle blockage
prevention, corrosion resistance, thermal shock resistance,
and optimum control of molten steel flow. In this article,
while reviewing the history of the development of the
submerged entry nozzle (SEN) as a representative teeming
system refractories, the characteristic technologies and
materials developed in recent years in this field are
introduced and explained.

2 Submerged Entry Nozzle (SEN)

SEN is used to transport molten steel from tundish
(TD) to water-cooled mold with expectations on prevention
of both turbulent flow and oxidation of the molten steel in
the mold. Since the refractories determine the final quality
of the steel slab, more advanced functions are required in
addition to their quality and reliability. A history of the
SEN is said to have been used at the first time 1966 for the
slab manufacturing in the German Dillingen steelmaking
plant”. The original SEN was made of a clay-graphite
system material, and a fused silica nozzle was also used
almost simultaneously with that time. Then an alumina-
graphite material began to be used for the SEN (AG nozzle)
in Japan in the early 1970s. The AG nozzle in that time was
a pitch-bonded product, but in the early 1980s,
thermosetting phenolic resins with high residual carbon
were introduced as the binder. Since the resin used product
was superior to the pitch-bonded one in the manufacturing
process, the quality of the product, and the environmental
adaptation, the phenolic resin product has replaced the
conventional one and became mainstream?. Our company
began to produce the SEN in 1978, and since then, a
number of materials and nozzle structures have been
developed and put to practical use with aiming to prevent
clogging of the nozzle, resulting in both increased
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[ History of Submerged entry nozzle (SEN) ]

durability of it, and stability of casting operation (see
Fig.1). Since the cold isostatic pressing (CIP) with a rubber
mold is applied for forming the SEN, the SEN with a wide
variety of functions can be manufactured easily by
changing the material for part by part. Figure 2 shows
examples of the structure of the SEN, and Table 1 shows
examples of the composition and property of them.

When the SEN is used with relatively sufficient
preheating, the thermal shock resistance have little impact.
But problems on 1) nozzle clogging, 2) drift of molten steel
in the mold, and 3) erosion in the powder line of the SEM
rather effect on quality, productivity, and manufacturing
cost of the steel products. Many efforts have been made to
solve the problems and the details are explained below.

2°1 Nozzle clogging

The clogging of the SEN has been tried to solve by
applying a) a slit type or b) anti-adhesion material.
a) A slit type

Since 1971 the alumina buildup was confirmed to
prevent effectively in Japan by introducing Ar gas. Ar gas
blowing® from the porous part of the SEN started at the
beginning of the 1980s, and then improvements were
made, resulting in the current blowing structure.

In 1984, we developed a slit-type SEN with an air
permeable material in part of the inner wall of the nozzle.
The permeable material are mainly made of alumina-silica-
graphite system. The Ar gas blowing, which is also put into
practice from both TD upper nozzle and sliding nozzle
(SN) plate, is effective for floating and removing non-
metallic inclusions in addition to prevention of clogging in
the teeming system?. So, it is essential technology for the

1966 First application of the SEN / Dillingen, Germany for slab casting
1968 Start to use fused silica materials for the SEN

~ Low corrosion resistant, devitrification, and degradation problem ~

1970 Alumina-graphite materials (CIP formed) ~ made by Vesuvius Crucible Co., Ltd.~

1971

Start to use gas-introducing SEN ( Canada, Ar gas blowing by PAKS method )

[ Technical development of the SEN in Krosaki ]
1978 Start manufacturing the SEN

1981 Development of slit-type SEN

1986
1988
1995
2007
2011
2015

Development of high-durable ZG materials

Development of CFN ( Clean flow nozzle )
Development of hiah functional DG nozzle

Development of ZCG system anti-adhesion type materials

Development of carbon-less system anti-adhesion type materials
Development of high thermal shock resistant materials (FANON-TUBE)

Fig. 1 Histories of submerged entry nozzle (SEN) and technical development of nozzle
clogging prevention in Krosaki (photo : appearance of various types of SEN).
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Fig.2 Example of SEN structure.
Table 1 Examples of the composition and property of SEN materials
Application part Main body Powder line
Material high SiO, SiO,-less high C low C
& high C 2 o
Characteristic hlg.h spall high s:orrosmn hlg.h spall high gorrosmn
resistance resistance resistance resistance
Free C 25 23 22 9
_ Al,O3 50 65 - -
ChemlC-al. S|02 26 _ -
composition
/ mass% Zr0, - 74 86
CaO - - - -
MgO - - - -
Thermal expansion
at 1000 °C / % 0.23 0.34 0.37 0.37
Application part Liner
. AG air C-less .
Material AG permeable AlL,O:-MgO C & SiO, free ZCG DG
anti-adhesion
Characteristic normal gas blowing | high corrosion | anti-adhesion | anti-adhesion | anti-adhesion
resistance
Free C 17 20 2 - 27 20
. Al,O4 63 63 72 96 - -
Chemical Si0, 19 12 - - - -
composition
/ mass% 210, - - ' ' 50 -
C - - -
a0 3 21 20
MgO - - 25 - -
Thermal expansion
at 1000 °C / % 0.32 0.36 0.67 0.80 0.32 0.35
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casting process of the steel that prefer not to contain the
inclusions. Since it was able to suppress adhesion and
contribute to stabilize the casting operation, it gained the
top share in the refractories industry and has become one
of our main products.

b) Development of anti-adhesion materials

Considerable efforts have been putting into the
development of materials with anti-adhesion properties.
Alumina buildup is a phenomenon in which the deoxidized
products in the molten steel or alumina were formed by
oxidizing during casting with depositing on the nozzle
wall. Various approaches have been proposed to understand
the mechanism of the deposition phenomenon *7.

There is still room for improvement for nozzle
materials design to minimize the deposition. Carbon-less
and silica-less materials have been developed by removing
or reducing the carbon and the silica from 1995 and are
used even in today, since the components of the nozzle
materials are considered as those leading to the deposition.
In addition, since the 1990s ZrO,-CaO-C (ZCG) system
material® that reacts with inclusions in the molten steel
and enhances slag formation at the nozzle / molten steel
interface has been applied. The efficacy of the ZCG nozzle,
however, was not necessarily satisfactory, depending on the
steel grade and operating conditions”'?. Since 2000, we
have concentrated on the specific materials and developed
the high CaO dolomite (DG) material with high resistance
to nozzle clogging which is the one and only in the world.
The DG material has characterized by forming a slag layer
with high CaO at the surface when contacting with Al
killed steel. Since the slag layer is formed continuously, the
higher resistance to the adhesion can be maintained for a
long time. Furthermore, we have improved the ease of use
of the DG material for customers, and now we have
commercialized it as a DG nozzle with excellent thermal
shock resistance that can be handled in the same way as
general AG nozzle. The appearance of the DG nozzle
applying the developed DG material to the immersion part
and the inner wall part and a general AG nozzle are
compared in Fig.3 after using as the SEN for the casting

Fig. 3 Appearance of the SEN after casting (Left: used AG conventional product after

3ch., Right: used DG nozzle after
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Fig.4 Schematic illustration of the vertical section
of a TD and its upper nozzle in the right
hand figure to explain a fundamental
concept for suppression of the increase in
kinetic energy for the turbulent flow in the
nozzle based on the pressure distribution in
the TD shown in the left hand figure'’.

same grade steel. The general AG nozzle tends to clog after
3ch., while the DG nozzle maintains its initial shape even
after 9ch., indicating that the clogging is prevented
effectively for a long time.

2°2 Drift of molten steel in the mold

Nonmetallic inclusions such as alumina have been
confirmed to deposit severely on the inner wall of the
upper nozzle (UN) and SEN used in TD in the continuous
casting system, when processing Al-killed steel. When the
buildup of the inclusions occurred on the inner hole and
¢jection parts of the teeming system refractories, the
teeming nozzles are finally clogged, making it difficult to
supply the prescribed molten steel into the mold, and the
operation must be interrupted. The unstabilized flow in
the mold fluctuates the molten steel surface and drifts,
resulting in the operational troubles such as deterioration
of slab quality and finally breaking out.

In this section, we have introduced the result of
applying a new shape to the actual teeming system that
makes it difficult the inclusions in the molten steel to
deposit on the refractories surface by suppressing the
turbulent flow of the molten steel.

1) Basic concepts of nozzle inner shape for turbulent
flow control

The basic concepts of the new shapes for both TD
upper nozzle and SEN have been proposed by Mizobe et
alll,lZ).

The basic concept of the TD upper nozzle inner
shape is described in Fig.4. The molten steel flow velocity
V flowing through the nozzle inner is obtained by
converting the potential energy determined by the molten
steel surface height Hr of the TD into kinetic energy.
According to the energy conservation law, if the static

Very low |
kinetic
/”
o energy for |
Ié:‘!i‘r;"‘zl;t 4 turbulent

turbulent at
comer point — =

1 Bottom(Outlet)
& SN L

(@) )

‘ Low kinetic energy
at SN part too

Fig.5 Contours of kinetic energy for turbulent
flow with in the TD upper nozzle:
(@) conventional shape and (b) ideal-line

shape shown by the formula (3)'.
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pressure of this system is P, the molten steel density is p,
and the gravitational acceleration is g, the following
formula (1) (Bernoulli's formula) will be established.

ey

If the flow rate is Q, the flow velocity is V; and the
cross-sectional area is A, the following relationship is

% +pgHr+P=Const.

established from the fluid continuity at any height of the
nozzle.

Q= V-A= Const. )

Since A = © - R? from the radius R of the nozzle, if
the relationship between R and the height of the virtual
molten steel head A is arranged, the following relationship
is finally established.

R H* )

Equation (3) is an expression of the ideal line shown
in Fig. 4, which is a curve representing the shape of the
nozzle inner that minimizes energy loss. In the turbulent
energy distribution generated inside the nozzle calculated
by flow analysis, it can be seen that the turbulent energy of
the new shape is much smaller than the conventional shape

(Fig. 5).

2) New outlet port shape of the SEN
Since H = X’
outlet of outlet port) and V' = Vx (X component of flow

(position toward inlet from the

velocity inside of outlet port) in the outlet port of the SEN,
the equation (1) is expressed as follows.

pVx?
2

+(pg'X'+P+a) =Const. )

where, ¢' is the gravitational acceleration in the
outlet port, and g'= g x tan B, when inclination angle of the
direction of outlet port flow route against the horizontal
lineis . a is the kinetic energy occurs in the outlet port
expect for X component including the energy loss occurred
by formation of turbulent flow.
the
distribution during passing molten steel through the SEN.

Figure 6 shows schematically energy
To obtain a stable energy distribution throughout the
range from the inlet to the outlet port, the second term
(pg'X' + P+a) in the left hand side of Eq. (4), equal toVx?
(kinetic energy) varied linearly with respect to X', obtaining
function kinetic energy distribution of the linear function
shown in the figure as “Non-Inflection Line”, must be

established with expression of the following relation.

VixR 5)

Where, R is distance from virtual origin imaged in
side of the SEN inner bore side to direction toward outlet
of outlet port, and Vz is the X component (V) in the
velocity at the position R. On the other hand, the following
equation regarding fluid continuity holds for molten steel
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Fig. 6 Illustrations explaining the ideal energy
distribution (b) of the molten steel
flow in the port of the SEN (illustrated
schematically in (a)) based on theory of the
energy minimization'?.
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Fig.7 Three-dimensional velocity vector
distribution, calculated by CFD, at the
outlet of the SEN ports for
(a) conventional sha?e and

(b) ideal-line shape'®.

(a) (b)

Fig.8 Two-dimensional distribution of the
turbulent kinetic energy at Y=0mm
section in the nozzle and mold calculated
by CFD for (a) conventional shape and
(b) ideal-line shape'?.

passing through the outlet port.
Q=VyxA=Const. (6)

Where, Q is rate of volumetric flow of molten steel,
and Ag is the cross section of the outlet port at the position
of R. Combining the Eq. (5) with the Eq. (6), the following
relationship is finally obtained.

Agx R7V? @)

Equation (7) is a fundamental formula to be used
for designing the geometry of outlet port to suppress
occurrence of energy loss and turbulent flow to the
minimum limit in molten steel flow in outlet port of the
SEN. The SEN designed based up on the prospect
mentioned above can inhibit the turbulent flow to the
minimum limit in the port of the outlet port and the low
and homogeneous flow velocity distributions can be
obtained even at the outlet of the outlet port.

Figure7 shows three dimensional distribution of
the flow velocity vectors in the outlet of outlet port for (a)
conventional shape and (b) modified ideal-line shape, and
Fig.8 shows two dimensional distribution of turbulent
energy in the mold and nozzle center cross section. In the
conventional shape, the outlet flow velocity is high at the
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Fig.9 Particle image velocimetry (PIV) showing
water flow from SEN located upper
center part in the water model
experiments, as calculated average
measured data at the Y=0mm section,
during 1min measurement time, for
(a) conventional shape and

(b) ideal-line shape'?.
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bottom past of the SEN, and a large velocity difference is
generated in the upper and lower position of outlet port,
whereas the new shape has a uniform outlet flow velocity
distribution. Also, in the turbulent energy distribution, the
new shape has lower turbulent energy at the bottom of the
outlet port than the conventional shape. By suppressing
turbulence, it was expected that inclusion deposit on the
surface of the refractories would be decreased and at the
same time, an erosion loss was reduced.

In addition, the water model experiment, for both
new and the conventional shapes showed almost the same
results as those of the flow analysis. Compared to the
conventional shape, the new shape is more suppressing the
collision and down flow at the short side of the mold,
resulting in higher productivity and quality (Fig. 9).

3) Results of actual use of the SEN

The SEN with both conventional and new shapes
were tested at the actual sites. The samples of the SEN were
compared in the state of deposit of the inclusions in the
vertical cross section cutting after 6ch. casting from the
same TD.

For both shapes, deposition was observed on the
upper part of the outlet port, but the deposition in the
conventional shape is severer than that in the new shape .

By optimizing the shape of the outlet port of the
SEN to minimize turbulent energy in the molten steel flow
in steel continuous casting system, an excellent anti-
disposition effect of the inclusion was found to obtain,
comparing to that in conventional shape nozzle. In
addition, in new shape nozzle, the molten steel flow in the
mold is stabilized for a long time with lower and
homogenized flow velocity at the outlet port, reducing the
collision flow and the downward flow at the short side of
the mold. A synergistic effect with the anti-deposition of
the inclusions, the SEN with new shape has a high potential
to make a great contribution to the stability of operation
and the improvement of slab quality.

2°3 Local corrosion problem at the powder line part

At the powder line part, the presence of the (molten
powder / metal) interface causes a local corrosion
phenomenon'?, which shortens the life of the SEN. For
this reason, various zirconia-graphite materials (ZG) have
been developed by incorporating graphite raw materials
into zirconia, which has excellent corrosion resistance
against molten powder.

Since the erosion of graphite phase by molten steel
is much faster than that of zirconia into molten powder,
the higher the amount of zirconia, the more generally the
corrosion resistance is improved. However, higher zirconia
content causes increasing porosity, and so the upper limit
is considered to be approximately 85 % at the satisfactory
use (see Fig.10). We have developed for many years on the
ZG with low porosity and satisfactory thermal shock
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resistance with 86 % ZrOas. In recent years, low thermal
expansion coefficient, low porosity and high corrosion
resistant ZG has been devised by optimizing both materials
design and manufacturing process.

Also, in the both development and exploration of
the ZG materials, the importance of improving the
accuracy of evaluation method for corrosion resistance of
the ZG with such high zirconia contents is further
increasing. Conventionally, the influence of the basicity of
the molten powder on the destabilization of the zirconia
raw material and the influence of the oxygen concentration
in the molten iron on the accuracy of the corrosion test
have been reported. From the viewpoint of wettability of
molten iron and slag against the refractories, new
knowledge has been obtained about the relationship
between molten iron-carbon alloy components and
corrosion of the ZG. According to the corrosion experiment
using high carbon pig iron and low carbon steel, it was
found that the ZG with high zirconia content usually
shows higher corrosion resistance, whereas the ZG with
low zirconia content shows higher corrosion resistance
against the pig iron. This phenomenon is presumed to be
caused by the fact that higher carbon content lowers
wettability of the molten alloy to graphite. As an
interpretation of this phenomenon, corrosion simulation
of the ZG was performed considering only the change of
the molten powder/metal interface due to the change in
wettability. As a result, of the one-dimensional simulation,
as the carbon concentration in the molten iron increased,
the corrosion of the low zirconia content ZG was
suppressed, but the high zirconia content ZG was not
reached. On the other hand, in the two-dimensional
simulation by the cellular automaton method using the
actual ZG structure, it was possible to reproduce the
reversal phenomenon that the corrosion rate became

smaller than ZG with high zirconia content when the
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Fig.10 Relationship between corrosion index
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carbon concentration in molten iron increased. Therefore,
not only the influence of chemical composition of the
mold powder conventionally known, but also the influence
of the molten iron-carbon alloy components and the
microstructure of the refractory material could be
interpreted by a simple principle considering only
wettability.

As mentioned above, there is a limit to improving
corrosion resistance by increasing the zirconia content in
the ZG, so it is increasingly important to improve
durability by controlling the microstructure of the
refractories and understanding operating conditions such
as powder and molten steel components. Based on these
findings, we intend to develop even higher corrosion
resistant ZG and to increase the durability of the SEN.

3 Summary

The history of the submerged entry nozzle (SEN)
representing the teeming system refractories and the newly
developed characteristic technology in recent years were
outlined. Teeming system refractories are the areas where
higher reliability and higher functionality are almost
demanded, so further research and development are
expected. In the future, our refractories will be able to
make further contributions to the steel industry not only
by improving durability but also by stabilizing operations
and improving steel quality by combining our original
technologies with newly developed elemental technologies.
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