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Abstracts In the continuous casting process, molten metal contacts the mold wall and the molten metal surface
is subject to the mold oscillation. The mold oscillation results in the oscillation marks on the surface of solidified
steel, which has undesirable effects on the quality of slabs. In order to reduce the oscillation marks by achieving
soft contact of molten metal with the mold surface, alternating magnetic field is applied to the surface of molten
metal. However, if the magnetic field strength becomes too strong, the melt flow induced by the magnetic field
causes -the instability of the molten metal surface, which has also the bad influence on the slab quality.
Therefore, it is very important to choose the optimal position of the inductor coil and the optimal level of electric
power to minimize the surface defects. In the present work, as a first step toward the optimization problem of
the process, numerical studies are performed to investigate the effects of coil position and the electric power level
on the meniscus shape and the flow field. As numerical tools, the boundary integral equation method(BIEM) is
used for the magnetic field analysis and the finite difference method (FDM) with orthogonal grid generation is

used for the flow analysis.

keywords Electromagnetic casting process, Meniscus control, Soft contact

1. A&

A&EF2FAo A slabs®] HBe] moldel F713Q &3¢l
oja) Ago] LAt olu s E AFLE slabse] EAAE)

o Fa% aizM L0 olo) slabse EREHAE A
717 93t AHFAVZE SFHe] B 7F8 moldste] HE
Z o] & electromagnetic casting(EMC) &#&o] da A3sn
2AtH1-2]. EMC 3 &ol J&5E LFA7NFE S5A49 T
= A714E AN R WRdE §E53E AEAUGI-5] |

Fdo Fe] wAEHE Aridkel g EMC 3H2 4l 4
HZo] 7bgdtt ojw e HEH L LFde] FAE BUHA
A 3t dEHNE tAE £ A6l = moldote] AF¥HL
£5 AW el AAHRR FFAH] 2gH hHol
a3 ol2ist HAE olaEty] HIld £ AFdME BEY
FaRHHeE ATl AAHEYE ARt R £
Folle FAE A HunEA7I FEAEHE ol &3l A
HFol 715% A7 £X} WREFEFY BAE coild 9
o whe} FaLAHBL EF, FASAHA DA SEFEGE o
&7 Hsted o 7HA] rAE nEEAEd 72 MRS DAL
o A -F3k AUt

o

2. 0l AA

21 A7l¢ #X
AEHQ) 7)o

&3

X AAE Maxwell equatione 2 t}

& B fieldl W@ Al A 2% F Ack3-4l

vx{(vx B) = —ay%fti O
(Ao 258 magnetic fieldgs A Fa71 93 vector
potential A& EUFH D YWl curlg F3HH
- A
v?A v (2)
o} ol A& £ U8l
E ZZH’J RFA7 S nedstd ()4 & wEEE de o)
&9 Hasy 8 F«H?’} g Aot}
= (¢g+igpge™ (3)
Aq714 AE FE7) S EAE G387 98t moldy 2

A Tt A7 Fol modR AFEA Prchn shyshd

inductor coil

F99] insulating mediumoll 42 2471 %4

el

R @k webA maxwell equation® vector potential A EFE

thee BAE A8 5 Atk
VX B = " Jf (4)
B = vxA (5)

ojlmz viA = —pu J,oli o BAEF

= (¢gtigpe™ st J, = J(x)e™

g 1%3}@4 Helstd
vigg = —uly 6)
vigg = 0 (N

o BANE A& F Atk

6 = MDA AA¥EEE o83t 44 98 73 BX

& 3% F



22 7% §8§99 FF
oqurr oy WHAVIFe] F4 H&Y URE AFINEs ¥
SEAe} fgol g Aol WP vgEA Newtonian A
gl 7hA sk
ve-u =0
du ; — ] 2
at+uVu V(p+pz)+F+uVu
(8)
9} @o] FojxX = 9714 F &= Lorentz force® YEb it}
2y BFA7FY WEF7E AAE AFe] EW FEH
=4 o)¢} e A= skin layerol the siro] Hasic)
skin layer®} sf41& (1)4o] vebvt Az} g B-fieldo] g
Zuf AR o By Hudd (DX v - B=0% &3}
el
2 _ 9B
v B = ou 3t (9)
9] A& duEg. NYE AFAVFIL AAZRAE o4 E9
skin layer W5old B( x,6)&
B( x,t) = B,e 0l (10)
o] ®H5]. o714 skin layer thickness &&
L2
o= ouw

9} o] Aelfth olA skin layer WHol42) induced current

= (el ofe]

#J,= VX B
o} o] FojA =l (Hald (10)H & HYFH
P __.ﬂ;tll( n x B,)e (r0us iut (an
9% B £ Atk 947 s & By JAGEE e n
2 s9gs vepdot
W 3 F7] 5] HIF Lorentz forces
F = 4 Re J‘,><B> (12)
g} o] Fojzch (Al QA AL Wl A7)
o] ol IgglviE 7MY S =YEH KFO{I g3t A7 Y
2 &3 Zrs]
_ L BIL e
F = T3 e n (13)
A dFgE WE Ar|Fe] Fylel FPELE YL =Y3tA
Navier-Stokes equation® TF&3 #th
v.-u =20
_8__u_+u Vu=—V(—E-+gz)+ﬂyV2u
at 0
(14)
o) ALo] AAZUE ZAF sl¥=dl, A solid surface 4 ¢

of EH?SHH AHRE A WA f& vy & E(effective
slip velocity)¥ Lorentz force® body force® 5% Navier-
Stokes equationol A E] ZAAW =& ohg3 @] & £ A
=3

v = o V7 19
Skin layer thickness & — 0 91 %ol skin layer:s 7AWl
stz (1949 7L #F& ouny T (effective slip
velocity) & Abg-afof dtc}, L3 RHAWclMe] &2 At &9
(effective shear stress)S! 7 -l +=

_ __8 B}
= douv V( 2 ) (16)
o 2o 48 9% AE).

2.3 A Ad Yy Au gy

AC A7 %o Folzl Z o Adel uig up Ay
(normal stress condition)®] A]Ztell ik Hit WHAL gz
@ol] Fojzrcth

2
i—lsj—%—'t—)l— + pgh + —%,ou2 + yx = const
(17)
Ao} AeffA A WA g Al

2A71¢H 5 oHAA &3 e
g& FEo o T, vl HA e FHIZH % &g

thd e,
3. A
319% 759 FAHEY

BAAHEYL2 &3 g Green—°4 A 2RY2RE P}
f[uv v—oviu] dQ = fo{ b%]d(aﬁ)

(18)
AdA wsh v Qoo Baol da HeHEE
uHs//B; U‘_’G
o} ol erl=d ¢t G=
Vi = —J;: VG = 2n(x— & (19)
o sz Folchn sbdsth el gy TEnA se gol

1, G¥ Green $tr2t Bt} 9o ¢p9 GE diyusid o949
£e0o vl N
- [ R (06 x, e

Qtoll EAlste A
2rgs( €) =

aa{;B( X)}ds

+ [ Lot 028 (x 0-6(x. &

(20)
9} o] FojA=dl HEL xof disiA FAFE FosioF sl
t}, ?}5’1 Ao e Helyw arFe] HEFSHA] Zetvbe 7t
HoRRE ¢p=0 on 029 V& F7tE =3t

3¢n

LOUx. O 52 (x)ds = — [ T ( x)Gx, )0

(21)
s} ol Fojzlich &#H 229 Green ¥
G(x, & =Ilnr=1In] x— & (22)

2 Folach

oA (21)A 3} zro] Foiz AAHE WA Ao £ 8l el
thal 7hebs] oifo] WlE Sl WA Holy .
w(x) =28 (x) (23)

(214>

[ JmrCx. £)w( x)ds

613



= fg.jﬂ( )nr( x, E)lw x)d (24
ol & 4+ alid AAME NAS Frez Grn 484
Fqapa A 2o

Aw = b (25)
o e FUE A2 + ACHEL
()N E EH w = (wo.wl."',wN—l)T
g g + 2ol FAM AFAN w = L gs U &

sieh.

32, #EF g FAEHY
AFo A= skin layere $A7F =%
e 23 Yol o] A$ Lorentz force F@ol =
2 (84 Y AgdMds gdF 4 g did 99 Hede
Lorentz force7t A2 & FWA HE UGS H (effective
shear stress)®E3 & % El(effective velocity)7} Hele 2o
A Zolop @t & §/1—0 Y A%l vorticity trans-
port equation

vx{(ux @) + vvie =0 (26)
s} o]l FoyRlaL ALF AR M E A7) 2§ effective shear
stress7F (16)4 22 FAS T moldet PZ& e FREAAE

ot THg el 2

i -"n*-

47 vlnd & X(effective slip velocity)¥ (15)4 o2 vebdic),
e AEg 0887 JaME 2] T EAFA7L
PastA gt ol tiREe FEL A7Fel Y7 effective
shear stresso| 22 (16)4] & 2 B¢
B &
U= 552 @7

3 o] @3 5 gtk o wel Xu) PPN
Revx(ux @) + v e = 0 (28)
Ae=d A2 Re = wu.d. /v olth

S
olm free surfaceo] A+

du _ _ 1 B?)

3 = 5 v( 5 (29)
A ZAAFEA A=

2

u = %%v(%) (30)
o7 Folzch
(28)4 9] Au FAHAE HaHEAS ]%3@4 TAE Eax
sty 24 input? outpute] 2 £E AL Y| Fe Qg £

=% B g4 Fcn 7tgste BAIE I £ A E s
Ay e 229 99 TAZE AgHoFE ttE = AFT stream
function-vorticity formulation& AF83ted v 2 A8 JEY
Qi HiFFE AL AFE3ke] ADI (Alternating Direction Implic-
it) wrgell o8 FATHEIL

33 ARAE g4 A
7149l dEge B, 2Ea 7le] HEE slab $H9 wte

2 AL EE SAAE @nYestd (INAS $aus shd

LaB';’ + h + %aRe@mu';’ + Wx =

2
sh e AW Feio) o Au) YL A

const 30

=], ol A E

N
B .
Leviation number

2upgl.
Re = % ~Reynolds number
S, = —16; ~Dimensionless skin layer thickness
W= —1- ~ Weber number
ogle

FgHo] v
'}‘E‘°] s 38 #

gb #eo] FojA 7 B FAWIZ 13
o3 AR @DAE WHE AAsid Al e

48l

4. A4 4t

41 &9 AW Fo49 7] PE £ F5F

Fig. 1. & % Ad F99 2713 £x9 484 F53
g x84 FAield g %2 8,
(dimensionless skin depth)¥ 0.1% A&}t 4% 2713
potential line5 & FAEEL molddd HFEZL T34 &£
YetlAnh  Coildl 34 A 2A7FE 7lea @& Aol
A &% Aol MAE3 mold FAANA FY gtem 11759
EERid=3

(levitation number)+=

19 1.
Fig. 1.

4F AW F9 A7 g FES WY K5

Magnetic field and flow field around meniscus _

614



42 Coil9 Ao m3E §9 AHe 2
* Moldell A coile] W o

, 1176 — — — 1275 === =~= - 1.375!
== - 1475 — = - — 1575
0.25 J—
I
0.2 ————— _— i — = TR
S o015 ;
©
£
» 0.1
3
(8]
2005 -
c :
D !
= 0 -
0 0.2 0.4 0.6
-0.05 -
-01 -
—0“5 P
1Y 2 5YY FHEF olFol |E &8 AW s
Fig. 2. Effect of coil X -position on the meniscus shape
(a=25, 6,,=0.1, coil ¥ -position == 0)
+ Coilo] 482 ¥ 9
y=03 — — —y=02 =---"- y=0.1
e ty=0  —smmymeQ e emrey=-02
0.25 ~—— =
2 R ——_ ]
=
© 015 -
o
Ny
w01 -
3
o .
2 005 -
c
o
= 0 ———
0 02 0.4 0.6
-008
0.1
-0.16 —— -

a9 3 mde FAYG ool BE 3 Awel Wt
Fig. 3. Effect of coil ¥ -position on the meniscus shape

-

(=125, 8,,=0.1. coil X -position = 1.275)

5. 4%

Fig. 2. ¥ coil®) 93& xWZFOR o] FA71WA meniscus
2okg uvetd Aotk Coilel $A7F moldoll A HAHFE
meniscus®] FHo] mold THAA FolAth ol moldFHE
71 %] grel olzlm2 Hgo] xZUETE FR3A i#E
7] W Eolct g3 WE F5F FA 2A7Y grol zobzlel #t
gt A FolAch Fig. 3. & coild) HAE ywFon ofFA
Al ge AW 2gg et Aojuh coilel 2127 FAledlA

vE sz U

45 Aol moldet HESF F2A

615

HAA A uts]
mold¥-2ell A 333
B g Aol A e

sl ofdlE el gtk mokoj
ANJE 2 5 vk = R FEHE

$27t coil?] HAE otz WE W oz

obaTh oy BRAWCINREY coirbrle] Azl 9lojas)
oty #Had #3 MY ZvolA wy molde] 277 nPsa

A 267t AgEokd xwEgFeRe WMiE dAYHol e
Aol A power7t AR Eolvhyr YA olAM nAsHE Golgm
y¥gogzol Wiyt $a% HHE Wash 9 Holt oy

gozel Wate 89 AV 2R ulP fEHel vl
sl AHEweh coilel F4 AXIM coilol Az o) S
¥ 4%l Ad §% AW @A Asiel AN

2 £ pd ol
2
of
o
-_‘-‘-_

HEFo] 7he@tall e coils FH 9 F2d AT AL
Aol Wk Ay EFo] vhEd °1 zloll A coile] ofeli o] st )
Boawd fE53ET ztelr &@e] vl dFe g ok
webA,  coild HHAAA T AHEFo] 7he g Ariqbe] B
A5 AEE AAEA T+ e Wi FEde BE e
a9 A xvlE aedstey Ao st

2 A

B o=fe IFEgAdFAre AT AR Aesio] 53
9l AT ENEY 4 Zdre dXE FxF AUk AFuFE
AAs) Fal LFTHARFASA ] Q& AE Sy o
&2 F7F AAAAEEE st FAL AFEs A TAE
AL 28 By

FaEd
[1] M. Hojo, H. Kawai, S. Matsumura, J. Sakane, E. Takeuchi,

H. Takeuchi and T. Toh, "Control of initial solidification
in continuous casting by use of electromagnetic shaping

effect,” Int. Symposium on Electromagnetic Processing of

material, ISI], pp. 253-259, 1994.

K. Ayata, M. Kokita, M. Morisita and H. Nakata,
"Improvement of surface quality of steel by electromagne-
tic mold,” Int. Symposium on Electromagnetic Processing
of material, ISI], pp. 166-171, 1994.

S. Chandrasekhar, "Hydrodynamic and hydromagnetic
stability,” Dover, 1961.

A. D. Snevd,
melting process,”
M. Garnier and R. Moreau,

[3]
(4] "Fluid dynamical aspects of the levitation-
J. Fluid Mech., vol. 117, pp. 45-70, 1982.
"Effect of conductivity on the

[5]

inviscid stability of interface submitted to a high-frequenc

y magnetic field,” J. Fluid Mech., vol. 127, pp. 365-377,
1983,

[6] R. Moreau, "Magnetohydrodynamics,” Kruwer Academic
Pub, 1990.

[71 1. S. Kang and H. J. Oh, "A non-iterative scheme for or-
thogonal grid generation with control function and spec-

ified boundary correspondence on three sifles,” J. Comput.

Phys., 112, pp. 138-148, 1994.

(81 % 141, o Al A HEAE ol §R EMC FHF A
B G4 ANl e AT, THBTUSE sohEohh,
1996.



