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Abstract

Two new SEN structures which may prevent alumina adhesion around outlet ports were

developed by CFED calculation in conjunction with a water model test. “The no well and home
plate” shape can be expected to suppress alumina adhesion from the column to the lower part of
the outlet port. “The trapezoidal vertical section port” shape can be expected to suppress adhesion
at the upper part of the outlet port. Also, optimum SEN shape was calculated to improve heat
supply to the meniscus near the mold narrow face. The new SEN, with an ideal outlet port angle

and annular-step structure, obtained good results at an actual casting.

1. ®8

ZAE / XOVIZEH o fidhE 7 0t A S
LEBELRMKIOOEDTH D, BIE ANEA
L CHERE S N7 T 1L — v FINIZHRE DB
N =R A, =)V FWRE/ S — 1k

PR mBEICRE B e 52 TB Y, s

BERLTOURWREI/ Y — VDR EN5GE
W, SR B OR T 2R 2B 5, B2 1L, 2
ZAN ANOBMIGVATET B L) ZiRE) Y —
YO ENZEAE, E— IV RN F— DR
AEEZBE, R mEORTICED S,

afag=¢

1. Introduction

The Submerged Entry Nozzle (SEN) is one of
the most important refractory items for continu-
ous casting process of steel. The discharge flow
from the SEN forms a specific flow pattern in
the mold and influences slab quality. An unsuit-
able flow pattern deteriorates slab quality. For
example, when a flow pattern with insufficient
heat supply to the meniscus is formed, proper-
ties of molten mold powder become inadequate,
resulting in quality deterioration.
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In order to form a suitable flow pattern in the
mold, not only adjustment of SEN port angle
and size, but also developments of a new SEN
structure have been studied. For example, the
annular-step SEN has a certain length of smaller
inner diameter range and Mogul SEN in which
plural spherical objections were located on the
inner surface of the bore are able to rectify
biased flow caused by slide gate throttling and
improve slab quality”? A unique SEN for bloom
or billet mold casting has been developed that
can generate a swirling flow in the mold by a
“bending port” and improve the surface quality
of cast steel®.

Preventing alumina adhesion is also one of
the problems of the SEN. When severe alumina
adhesion occurs, the inner structure of the SEN
is changed to induce undesirable flow direction
as well as flow velocity. Hence, an undesirable
flow pattern is formed in the mold. For prevent-
ing alumina adhesion, there are many studies
for many materials or structural improvements,
but it has not been completely solved yet.

Conventionally, a water model test has been
carried out for the development of new SEN
structure and optimization of SEN design. The
water model test results are in good agreement
with the actual results. However, it is neces-
sary to make test nozzles for every trial. Thus,
it is thought to be a time and cost consuming
method.

Recently, simulations by the computational
fluid dynamics (CFD) program are being
actively carried out.

Although, it is necessary to verify the valid-
ity of the CFD calculation results, it enables
simulation of the fluid flow in the bore of the
SEN as well as deeper area of the mold. CED
calculation can obtain information not only for
flow wvelocity but also for turbulence Kkinetic
energy (TKE). By combining this information,
it becomes possible to investigate the adhesion
mechanism of alumina inclusions within the
molten steel adhering to the nozzle inner bore in
detail, so as to devise an improvement method.

In this report, we introduce new SEN struc-
tures that prevent alumina adhesion and a SEN
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design optimized for slab quality improvement
developed on the bases of CFD calculations in
conjunction with a water model test.

2. A Structure for Preventing Alumina
Adhesion Around the Out Let Port of
the Sen

2. 1 Alumina adhesion phenomena
aroundoutlet port

In order to suppress alumina adhesion to the
SEN, some methods such as Ar gas blowing from
the TD upper nozzle, application of anti-adhe-
sion material, utilization of an inner structure
such as the annular-step and mogul have been
studied. By combining these methods, alumina
adhesion and clogging of the SEN bore have
been greatly improved”, while, alumina adhe-
sion around the outlet port still remains. The
adhered areas that are frequently observed are
(1) from the column to the lower part of the
outlet port, and (2) the upper part of the outlet
port.

These adhesion growths are caused by alu-
mina inclusions within the molten steel exiting
from the molten steel flow and adhering to the
SEN surface. Ogibayashi described that alumina
tends to adhere on “a place that is likely to gen-
erate micro vortex””. Since, this phenomenon
occurs inside of the SEN, detail investigations
of individually varying conditions using water
model tests are difficult.

For that reason, CFD calculation at the adhe-
sion occurrence area was also carried out, along
with the water model test. In this study, the

Alumina
adhesion

Vertical section of used SEN with alumina adhesion.
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Fig.2 Contour map of velocity and turbulent kinetic energy (TKE) at the vertical-section A-A.
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Fig.3 Contour map of turbulent kinetic energy
(TKE) at the vertical-section B-B’.
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turbulent flow problem was solved by applying
k-emodel by utilizing PHOENICS® as the ana-
lytical code.
2. 2 Alumina adhesion from the column to
the lower part of the outlet port
2. 2. 1 Actual adhesion and CFD calculation
result

As an example of adhesion pattern (1), Fig.1
shows schematic drawings of alumina adhesion
around the outlet port of the SEN. The mixed
adhesion of alumina and metal grew consider-
ably around the outlet port.

The CFD calculation was carried out for the
SEN shape shown in Fig.l. This SEN has a
square outlet port with a downward port angle
of 25°.

Accuracy of the calculation results had been
previously validated by comparing the measured
value of the water model test with the CFD
calculation result for the meniscus flow velocity.
Figure 2 shows the CFD calculation results for
the cross section of A-A" of SEN. Inside of the
SEN, formation of a stagnant zone was found
at the area where the downward stream along
the nozzle wall collides with the upward stream
reversed at the wall.

At the same part, the concentration of TKE
was also calculated. Figure 3 shows the cal-
culation results for the TKE in cross section
B-B' perpendicular to the cross section A-A’
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Fig.4 Schematic drawing of new SEN design.

i, KEOWSH [ I 7 afgilzE Lo wigin] &
FWiiz 2 205k S, AT, Figl&Fig2,
Fig3#% lbik$ % &, foEd - Gl f v ¥ —
DEPPIEE L T DEE, #H% AVick
WCHTEMEDPRKEVAED L~ L7,
DT EDS, FNAMER L, Gl A )L F— o3

LCWALHETIE TV I FEEETT LT <,
POFIZH L O, Bl & )V F — O & fisg
DFE LN 5 2 LI RE R TERIE, MEWA
& % PGSR 2 TR D D B o
2. 2.2 EHRLUE+R—L~R—ZBIHBFLFR

K4 RO WTCCFDEME L, HEHFLE RIS
B 2N oE - GLTT AV F — 0L %
il c& p2EE BB L. RO AT v F%
Fig4lZ/Rd,

FEIRIE, 1ERRIC 7= VEE -, 2.1
WILAHAE (h— A=) ThsbI L i
BMET D, CNHLOFHICL Y, T—IVETOH
NOFEEDPIR S N5 7200, fHZehiw s iz
<, BT 5 2 & % BEMmA L & S
N5, FROCFDEHE O HEHE R % Fig. 5127~
T o IR TIZH I - 72 FEDO S EBIL RO 5
Ny, ST AV F—ofEh L EH S Tniz,

JEERILEL + R — A X— AR HILE A BiRiE
J AW, ERTAMPRELTBY, SEAERE
2L B HFLEF O 7 v I RS IR R % 5F
5T ETH S,

2. 3 MEFLEEADAE
2. 3. 1 f+5&EHI&CFDETERE

B Em & oHilE 4 LA T 5 70— Al

HRE S AV R LR, Il SN0 7 v

-
—

Shinagawa Technical Report

and close to the column surface. Not only for
cross section A-A" but also for cross section
B-B,, the flow stagnant and TKE concentration
were calculated. This part can be regarded as
Ogibayashi’s “a place that is likely to generate
micro vortex”. Furthermore, by comparing
Figs.1l, 2 and 3, good conformity between the
part where the flow was stagnant, the TKE
concentration calculation position, and a consid-
erable alumina adhering area was recognized.
According to this conformity, it is reasonable
to assume that the alumina adhesion is likely
to occur in the part where TKE concentrated
stagnation zone is formed. Thus, it can be
expected that alumina adhesion can be sup-
pressed by optimizing the shape of the outlet
port so as to eliminate TKE concentrated flow
stagnation.

2. 2. 2 “No well and Home plate” shape

We found a new structure by CFD calcula-
tion which can suppress the flow stagnant /
TKE concentration. A schematic drawing of the
new shape is shown in Fig.4. The new shape
is characterized by (1) No well structure and
(2) Pentagonal (Home plate) outlet port shape.
Thanks to these structural properties, the
collision of flow was suppressed by preventing
reversed flow generation at the well. The fluid
was discharged from the outlet port without
stagnation. Figure 5 shows that the CFD
calculation results of the new shape. In the
new shape, no noticeable flow stagnation was
recognized, and the concentration of turbulent
kinetic energy was suppressed.

The New SEN (no well and home plate) will
be used in actual casting. Therefore, the effect
of alumina adhesion suppression around outlet
port was evaluated.

2. 3 Alumina adhesion to the upper part of

the SEN
2. 3. 1 Actual adhesion and CFD calculation
result

In the case of the four upward side ports type
SEN application, alumina adhesion to the upper
side of the outlet port was sometime observed.
Figure 6 shows a schematic drawing of alumina
adhesion to this part. Adhesion was observed
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Fig.b Contour map of velocity and turbulent kinetic energy (TKE) in vertical sections A-A and B-B’.

Alumina
adhesion

S

Fig.6 Schematic drawing of alumina adhesion to
upper-outlet port.
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not only for the upper part of the outlet port but
also for the column. Thus, we investigated the
fluid flow around the outlet port of this nozzle.
Figure 7 shows the calculated velocity vector
distribution on the vertical cross section of the
outlet port. In the vicinity of the upper wall
of the outlet port, a slight inward stream was
calculated rather than outward stream. This
flow separation and stagnant zone formation
was marked for the SEN with upward outlet
port.

Alumina adhesion to the upper side of the
outlet port is considered attributable to the
above mentioned flow status, that is, inclusions
tend to float up and become fixed to the upper
side of the outlet port by buoyancy in the stag-
nant zone where the flow out force is poor.

A water model test of this SEN was also car-
ried out. Inward flow at the upper part of the
outlet port was also confirmed (Fig.8). Hence, it
was verified that the water model test results
agreed with the CFD calculation results.

2. 3. 2 *“Trapezoidal cross section” shape

We investigated a new SEN shape which can
suppress alumina adhesion. As a result of CED
calculation for various shapes, it was found that
a trapezoidal cross section shape, of which the
upper wall of the outlet port is horizontal while
the lower wall of the outlet port is inclined
upward, is effective for suppressing flow separa-
tion. Figure 9a shows the CFD calculation result
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Fig.7 Contour map of velocity at the vertical
section of conventional outlet port.
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Fig.8 Reverse flow at upper-outlet port.

for the new shape. The flow passing through
the outlet port of the new shape was improved
so as to flow along the upper wall of the outlet
port, and the inward flow was suppressed. This
effect was also confirmed by water model test
(Fig.9b).

3. Optimization of SEN with Upward Outlet
Port for Slab Casting

3. 1 Flow pattern in the slab mold
generated by the upward outlet port

The outlet port angle of the SEN generally
used for slab casting is horizontal or downward.
Some portions of the discharge flow from this
SEN rises after colliding with the mold nar-
row face and turn into a meniscus flow from
the mold narrow face to the SEN. This flow
sequence forms a loop. On the other hand, in
the case of the upward outlet port SEN being
used in order to improve the heat supply to the
meniscus, a ‘reverse” meniscus flow from the
SEN to the mold narrow face is formed since
the discharge flow directly reaches the menis-
cus (Fig.10). In this situation, it is thought that
the area where the discharge flow reaches the
meniscus is raised locally, thus, the mold slag
layer becomes thin. Furthermore, the flow near
the mold narrow face stagnates because the
reverse meniscus flow sinks before reaching
the mold narrow face. Because the heat supply
is insufficient in the stagnant flow area, there is
a possibility of slab quality deterioration caused
by inadequate of molten mold powder proper-
ties.
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Fig.9 a: Contour map of velocity at vertical section of outlet port.

b: Water model test result.
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Fig.10 Difference in flow pattern caused by angle of outlet port.

279 “WHMEDT X AN AFRARDO 5L
B A (Figlld)o 2D & & HEHIE A=A S
ZANZHNE L 723505 CRFTIZG R ) L2557
O, FERTIEINT Y —ATTBREL 2L N
EZONDb MMAT, AZAHAFITE—NV FE
BINZHET ZENEAAG 720, RO
MEHT o MNOEGF CIEBPHEI N E L,
EB—V RN ¥ — ORI RISER 2 FEH 5
HET DT RN D %o
3.2 LmEHHAEETHRE/ XIVDCFDIC
& &5t

AT v LA ST A ABEKETO A T 7
SEERANTIRE ) ANIZOWT, F—)b Fiant
HEED A = AN A ENOBMEHEOUFELY HIY &
L7z ANVORKME 1T - 720 FHE M,
E—)V ¥ A ZX200% 1275 mm, A)V—7 v b 08
ton/minTd 5. M2, BATMmO ER & AE10°
C1° DRI 24T > 720 FiglLIZE— )V FWR

3. 2 Optimization of SEN with upward
outlet port by CFD calculation

SEN optimization was carried out that a stain-
less slab caster in steelworks A for the purpose
of improving the heat supply to the meniscus
near the mold narrows face. A mold size of
200x1275 mm and throughput of 0.8 ton/min
were assumed for calculation. At first, conven-
tional shapes (10 and 15 degree upward outlet
port angles) were calculated. Figure 11 shows
the flow pattern and velocity contour map in the
mold. While a similar flow pattern was obtained
with both shapes, a detail comparison clarifies
the degree of stagnation in the meniscus near
the mold narrow face, which became smaller
in the case of the upward 15° outlet port SEN.
On the other hand, the “reverse” meniscus flow
velocity of the 15° port was faster than the 10°
port. This result indicated that the mold level
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Contour map of velocity (Left: Port angle +10°, Right: Port angle +15°).

fluctuation of 15° port was wider.

It was confirmed that the discharged flow of
the 15°-SEN spreads widely in the vertical direc-
tion and the upwardly diffused flow reached the
meniscus. The spread of the discharged flow
is considered to be accelerated by the uneven
discharged flow velocity.

Our double annular-step structure can supply
an even discharge flow to the mold by eliminat-
ing uneven flow in the bore". Figure 12 shows
the calculation results for the upward 15°-SEN
with double annular-step. The spread in the
vertical direction of the discharge flow was
greatly suppressed and the flow direction was
changed as follows; the discharge flow directly
reaching the meniscus decreased and directly
colliding with the mold narrow face increased.
As a result, the conditions of meniscus near the
mold narrow face were active by the increase
in rising flow near the mold narrow face. The
new SEN, with an optimized outlet port angle
and double annular-step obtained good results
in actual casting.
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Fig.12 Contour map of velocity (Port angle +15°, Double annular step bore).
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