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ABSTRACT

The drift flow of the molten steel in the mold die
continuous casting and its influence of the
electromagnetic stirrer(M-EMS) are analyzed usimgteady
and three-dimensional magneto hydrodynamic caloumlafhe
drift flow is possible to be generated by the iefiae of only
turbulence in the mold. Nozzle clogging also caubesdrift
flow and the meniscus shape fluctuation. Flow ai-otogging
side is larger than that of clogging side at ameti Fluctuation
of the drift flow by the influence of turbulencetisice as large
as that of the nozzle clogging. Sliding gate makes-sided
flow in the nozzle and causes the drift flow. Thenscus
height of open side tends to be higher than thatlade side.
Fluctuation range of the meniscus height to refoltn the
sliding gate is smaller than that to result frombtience from
the viewpoint of moving average. The M-EMS makes dhift
flow larger.

NOMENCLATURE

v velocity(m/s)

P density(kg/m),

n viscous efficient (kg/ms)

Fen electromagnetic force(Nfn

g gravity acceleration (nfs

p pressure (Pa)

M Viscosity(Pas)

A vector potential(Whb/m)

Jo current density(A/)

¢ scalar potential(V/m)

D electric flux density(C/f)

P, pressure before pressure drop(Pa)

P, pressure after pressure drop(Pa)

C, coefficient(-)

Am thickness of the porous film(m)

H meniscus height(m)

AH difference in meniscus height(m)

H. meniscus height ofhe left side(non-clogging side in
nozzle clogging model and open side in sliding gagelel) (m)
Hr meniscus height of the right sidelogging sidein nozzle
clogging model and close side in sliding gate mp(ia)

INTRODUCTION

Drift Flow Phenomena

Recently, high quality steel such as high-strengtielss
required by a demand of automobile users. In ai@g@roduce

in-mold

the high-quality steel, a reduction of non-metaiticlusions is
necessary in the solidified steel at the castirnggss, because
it is much harmful to the surface quality in thesfi production,
and their removal is impossible at the later stewlking
process. Since the non-metallic inclusions are Iser@bugh
such as less than 0.1mm diameter, they follow thiem steel
flow dynamics. Therefore, the dynamics variationhaf molten
steel flow is considered to cause damage to tletattent of
the non-metallic inclusions. One of the reasonstfar flow
disturbance includes the drift flow which is theymsnetry
flow in the mold. The drift flow is considered te lcaused by
the following phenomena of the molten steel.

(2) Turbulent flow of the molten steel.

(2) Nozzle clogging by the attachment of the nonattie
inclusions to the inside of the noZ2¥¢.

(3) One-sided flow at a sliding gate position af trozzI&.

(4) One-sided flow from a tundish through the nezz|

The degree how these factors makes an effect odrifie
flow isn't made clear. This work is intended to kip the
quantity of influence of the drift flow occurrend® the
considered mechanism. This paper explains the enfle of
turbulence flow and nozzle clogging which is written the
above paragraph as the drift flow occurrence (D @). The
hydrodynamic numerical calculation is used to itigade it,
because the on-line flow of the molten steel is csim
impossible to measure and ideal phenomena is pessib
evaluate in the numerical calculation.

In-Mold Electromagnetic Stirrer

In-mold electromagnetic stirrer (M-EMS) is used tae
control tool of the molten steel flow in the m6ldThe M-EMS
is driven by the electrical power source of thrbese
alternating current, and produces the travelingnmatg flux to
the molten steel. The M-EMS makes some electronagne
force in the molten steel to obtain some veloSyme velocity
at the molten steel is useful for preventing toactt the
non-metallic inclusions which cause the bad steedlity.
However, it isn’t clear that M-EMS effects the iropement of
the molten steel flow in the drift flow conditiomherefore we
obtain the molten steel flow characteristics irt t@ndition by
using the magneto hydrodynamic calculafion

NUMERICAL CALCULATION METHOD
Fluid Dynamics Calculation!™

Fluid dynamic calculation consists of the Navieokais
equation and the equation of mass continuity. Bume that
the molten steel is incompressible fluid, the reqiations are
defined
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Finite volume method is used, and the basic algorits
SIMPLE method. We use LES (Large Eddy Simulation)
method as the turbulence model, because the Reynoidber

is enough high to be874x10%in the process.

Electromagnetic Calculation

To obtain the stirring force to the molten steé@ein by the
M-EMS, we make an electromagnetic field calculatimsed
on Maxwell equations. The method of electromagnigtid is
A- ¢ method and quasistatic method described as [10].
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Finite element method is applied to the equationf¢8
3-dimensional space and solved by Galerkin method.

Then electromagnetic force of equation (4) is iifestiain
the fluid dynamic calculation as a disturbance das€ equation
(1) and we calculate the velocity distribution. Téféect of the
electromotive force is assumed to be ignored in
electromagnetic field calculation of the M-EMS, aase the
synchronous speed of the M-EMS is much faster thah of
the molten steel. Since it is difficult to calc@athe same
meshes to correspond the finite element mesh of th
electromagnetic calculation and the staggered nuadskthe
hydrodynamic calculation, we interpolate both valwé each
calculation in the 3-dimentional fidtd.

the

CALCULATION MODEL
Calculation Object

Table 1 shows a calculation model condition andufggl
shows a structure of the calculation object. Thétenosteel is
poured through the submerged entry nozzle, and @obled
down to be solidified gradually. Some powder isfing at free
surface to make the casting operation smoothlyughothe
meniscus is expressed to the stationary wall topléiynthe
calculation. Boundary condition of the inlet uppke tmold is
set to the constant velocity and that of the ouffeter the mold
is set to keep up the same volume in the mold. IStealition
of the wall is applied no slip condition.

Casting Speed 1m/min

Discharged angle 90degree

Table 1 Computationamodel conditio

Narrow Side

v
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Figurel. Computational Model.

Three Calculation models

To evaluate the influence of the drift flow to thelten
steel flow in the continuous casting using the bygnamic
calculation, we make three calculation models. &hse basic
model, the nozzle clogging model, and the slidiatgegnodel.

Basic model shows Figure 1 and it has neither étagg
discharge hole nor the sliding gate. This modelwatas the
influence of the turbulent flow to the drift flow.

Nozzle clogging model expresses as the pressurp dro
using the porous jump boundary condition shown @sIrE
218 Since the porous jump condition is employed whiin t
film provided pressure drop, the equation of thespure drop
is expressed as follows.

P, -P, =P, C,pvAm (5)

Meniscus

}
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Narrow Side

Figure 2. Nozzle Clogging Model
Sliding gate model is shown in Figure 3. Slidiregegis set

€0 700mm above the meniscus and open rate0iss .

Sliding Gate’ |
e
Close side | [[| Open side
700mm
Discharged Holt? Meniscus
L N
R

Figure 3 Sliding Gate Model.

Electromagnetic force driven by the M-EMS is apglio
the basic model and the nozzle clogging model.&Sihe result
of the basic model with M-EMS is already describied
reference [12], we indicate the result of nozztegging model
with M-EMS in this paper. The electromagnetic dsilset to
make the rotating flow of the molten steel in thelaff!. The
electromagnetic force is adopted to the molten| stéeall
thickness and all width at the mold as shown irurégi.
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Figure 4. M-EMS Model.

Calculation conditions are chosen in order to evelua

factors of the drift flow and the influence of M-BVito each
factor. As shown in Table 2, Case 1 is the basidahavith
M-EMS non-applied, and it can evaluate the infleeind the
turbulence flow to the drift flow. Case 2 and Cas&& nozzle
clogging model where the M-EMS is applied to thes€3a. The
influence of the nozzle clogging can be understdnd

AH=HL—HR (7)

Figure 5 shows the contour map of the meniscughhei
adopted by the equation (6) and the velocity vecibthe
molten steel at the 1/2 thickness of the mold attitme of 200
seconds.

Figure 6 shows the time variation ¢&§H in each case.
The pale solid line shows an instantaneous valdetlas dark
solid line shows a moving average of 50 secondbleTd

shows the fluctuation range A H .

Effect of turbulence flow to the drift flow

The basic model to evaluate the turbulence flowthia
mold is the Case 1 in Figure 5. It is shown thatdiseharged
flow from the discharged hole is symmetry, thougk mold
flow dynamics especially at the narrow sides issyshmetric.
It means that the drift flow is possible to occumyoby the
turbulent flow in the mold.

As shown in the Case 1 of Figure 6 and TableAH
changes with time, though the time average/fl is Omm
at all iteration time. Therefore, meniscus shapasgmmetry
instantaneously but symmetry in the time averagelition at
the case of drift flow caused by the turbulence.

Influence of nozzle clogging to the drift flow

As shown in the Case 2 of Figure 5, the meniscughhhei
and the discharged velocity differ between the giog side
and the non-clogging side in the nozzle clogginglehavithout
the M-EMS. The discharged flow of the non-cloggisige
strikes the narrow side and separates upper andvdand flow.

comparing the Case 2 with the Case 1. The influerfce o Upper flow goes to the meniscus and goes towarchtizzle

M-EMS can be understood by comparing the Case R thi

Case 3.Case 4 is the sliding nozzle model with M-EMS

non-applied. The influence of the sliding gatehe drift flow
is understood by comparing the Case 1 with the Case 4

Case No. Calculation model M-EMS
1 Basic model off
2 Nozzle clogging model off
3 Nozzle clogging model on
4 Sliding Gate model off

Table 2. Calculation condition

CALCULATION RESULTS AND CONSIDERATION

Computational Results

The drift flow is considered to cause the large-sided
downward flow in the mold and the fluctuation &t theniscus.
Since the downward flow is almost impossible todetected
directly in on-line condition, the one-sided dowmdalow
seems to cause the difference of the meniscus theetveen
the both narrow sides. To obtain the meniscus hdigtihe
stationary wall at the meniscus, the pressure ehtleniscus is
used by equation (6).

P9

To evaluate the difference of the meniscus heigiiveen
both sides, the equation (7) is introducetH] is used as an
index of the drift flow.

under the meniscus. The flow pattern of the modtee| at the
non-clogging side is the same as that of the bawiclel.
However, the discharged flow of the clogging sideeads near
the nozzle because of viscosity resistance.

In the Case 2 of Figure 6, it is found that the reems
height at the non-clogging side is higher than tbhathe
clogging side, becaus@ H has a plus value at any time.
However, the fluctuation range oAH in the Case 2 has
about half value as large as that of the Case & rEaison is
considered that the time fluctuation of the velpditt the
discharged nozzle in the nozzle clogging modelnslker
than that of the basic model, because the meniseight is
correlated with the velocity just under the mensscu

Influence of the sliding gate to the drift flow

Sliding gate model changes the flow pattern innbzzle
to other case. Firstly, we describe the flow pattar the
sliding nozzle in the Case 4. Sliding gate bringsthe
velocity distribution in the nozzle. Figure 7 showise
distributions of the molten steel velocity and iressure in
the nozzle. From this figure, sliding gate makegdavelocity
of the molten steel at open side. As shown in mdkee of
(a) of Figure 7, upper flow generates just under $hding
gate because of the pressure gradient by the welgep
between open side and close side as shown in Eyafe 7.

Next, we describe the molten steel flow in the menhdi
evaluate the influence on the drift flow in thedslg gate
model. The influence of the sliding gate to thdtdtow can
be understood in the computational results of theeC4. As
shown in the Case 4 of Figure 5, the discharges fl;ms out
only lower side of the discharged hole which ruosall side
of the discharged hole at other Case. Figure 8 shbws
enlargement of the Figure 5 near the discharged. falom
this figure, the downward velocity in the nozzlesgds up by



the sliding gate, and it strikes the bottom of shiding nozzle
before runs out from the discharged hole. FurtheemBigure
8 shows the angles of the discharged flow arereiffein both
sides of the discharged hole. Comparing the diselafipw
of the open side, that of the close side has arruppgle.
Since the downward flow in the nozzle is close ke t
discharged hole of the open side, the discharged €if the
open side runs out with the component of the dowdwa
velocity as shown in (a) of Figure 8. On the othand, the
discharged hole of the close side is far from tberdvard
flow in the nozzle. The downward flow goes to tligctarged
hole of the close side along with the bottom of tlozzle as
shown in (b) of Figure 8. Therefore, the discharfed of
the close side runs out from the discharged holehto
horizontal direction.

Meniscus shape of the sliding gate model in thee@ais
not so changed against the basic model in the Caseshown
in Figure 5. Furthermore, meniscus height near rtheow
side seldom changes in the both sides in the Case 4.

As shown in the Case 4 of Figure 6, the moving ayer
value of AH s all negative. It indicates that the meniscus
height of the closed side tends to become higtar that of
the open side because of the angle of the discthdims. On
the other hand, though the fluctuation range of the
instantaneous value in the Case 4 is almost the aartiet in
the Case 1, the moving average fluctuationffl in the
Case 4 is smaller than that in the Case 1. It isghbthat
fluctuation time of AH in the Case 4 becomes shorter than
that in the Case 1 because of increase of the afiget
velocity.

Case No. Meniscus height distribution (mm) Velocity distribution at the 1/2 thickness of thelth@m/s)
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Figure 5. Distribution of meniscus height and the velocity
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Figure7. Molten steel velocity of the sliding gate.

Figure 8. Molten steel velocity of the discharged hole.

Influence of M-EMS to the drift flow of the nozzle clogging
model.

We describe the influence of the M-EMS to the nezzl
clogging model. As shown in the Case 4 of Figursgead
flow near the nozzle of the Case 3 is suppressedhby
M-EMS applied in the nozzle clogging model. It Fotight
the velocity of the discharged flow is increased the
electromagnetic force of the M-EMS and it isn'tezffed by
viscosity resistance.



In comparing the Case 2 with the Case 3 in Figutles,
average value and the fluctuation rangefoH of the Case
3 are larger than those of the Case 2. It indicttesvi-EMS
makes large the drift flow at the nozzle clogging.

CONCLUSION

The drift flow of the molten steel in the mold ofiet
continuous casting and its influence of the M-EM& a
analyzed using unsteady and three-dimensional nbagne
hydrodynamic calculation. The results are as fatlow

(1) Turbulent flow generates the drift flow and theniscus
height distribution is symmetry with time averaged.

(2) Nozzle clogging with the attachment of the moetallic
inclusions also causes the drift flow and the rmmrds
height distribution is asymmetry. Meniscus height
fluctuation range to result from the nozzle cloggis
half as large as that to result from the turbulence
Furthermore, the velocity of the non-clogging side
larger than that of the clogging side at any time.

(3) The sliding gate also causes the drift flow ahe
meniscus height distribution is symmetry. Uppenflis
generated in the nozzle under the sliding gate.idt¢es
height of the closed side tends to become higlzer that
of the open side. Meniscus height fluctuation ratme
result from the sliding gate is smaller than tlatdsult
from the turbulence from the viewpoint of moving
average because of shorter cycle time of the mesisc
height fluctuation.

(4) Fluctuation range of the meniscus height besotame
by using the M-EMS. The M-EMS has no effect to
frequency of the drift flow in case of the nozzlegyging
model.
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