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Propagation Characteristics of Surface Wave on Free Surface of a Molten Metal Induced by
Imposition of Intermittent Alternating Magnetic Field
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Synopsis :

Key words:

In order to increase an interfacial area for the promotion of mass transfer in refining processes, a new method exciting surface wave on a
molten metal has been proposed in the way introducing an intermittent alternating magnetic field with the stepwise change of amplitude. For
investigating characteristics of the induced surface waves, their behavior on a liquid gallium was measured by use of a laser level sensor and
a high speed camera by changing values of a magnetic field and an intermittent frequency. Increase in the amplitude of the magnetic field
provided a liquid metal disturbance, which propagated on the liquid metal surface to a center of a vessel with a constant velocity, in the vicin-
ity of a wall. Although, propagating velocity of the surface wave slightly increased at a center of a vessel. Propagating velocity of the surface
wave increased with increasing in the magnetic field and was independent of the intermittent frequency. Both the width and the height of the
surface wave increased during its propagation from the wall to the center so as to keep the constant wave volume. Increase in the magnetic
field changed the height and the volume of the wave while the wave width was kept constant. Increase in propagating velocity of the surface
wave might be caused by increase in the height of surface wave. A part of characteristics of surface wave could be explained by Stokes wave
theory.

steel making; intermittent alternating magnetic field; electromagnetic processing of materials; wave excitation on molten metal; continuous

casting; application of electromagnetic force; free surface control.
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Fig. 1. Wave pattern of an intermittent alternating magnet-
ic field and induced electromagnetic pressure and
in a conductive material.

ER13EIH 1402 FRI1356 A7 H3ZH (Received on Mar. 14, 2001; Accepted on June 7, 2001)
% FEEIETHE O EEBEEM IS (Institute for Structural and Engineering Materials, National Institute of Advanced Industrial Science and Technology (AIST), 1-1

Hirate-cho Kita-ku Nagoya 462-8510)

* 2 BB KR AFPE TP (Graduate School of Engineering, Nagoya University)

579 N




M 580 $%&$H Tetsu-to-Hagané Vol. 87 (2001) No. 9

EVMEIC L7=RE, ARERAEIN X W AR R ETICIE R
I, PP OEBESERES c CHIME RS L
I2a B, Thabb, MEBORIENSYD b 5 HE % ERS
BOWMML S UEES BT IRMIIRET A EICL

D, EOEMONNEBREBICER X85 2 LA
LB, EREICBT B KBUEGRN AR SR O MHE & A
U 7B, A BRI RASEN N & bt U | (W Cram
SREMETE MRS TR TH B2 L, VTV H—50
(R AVMRBIC A 5 2 L BT TH 5 2 L EOF| A
AHLTOWBEEZLRED,

ATE ik, RIRRENE E REABTHE X h 3 BRIT
ORI HIE U CREE R & 0 RS 1 ERT 52 &,
ARREIFENNAED [ AR RO 28 A RETETHE & 0 RS
DERMBHOEBIAX KGET S L, ETEB 4K
THREM (XS #Zxes2Lickd, GHE
HOFRS K CRERERBLS 52 L %456 AL
72, BHETEEOBKE X 0 EEICHIET 5720121,
BESBEN IS (BRI 65 & 0 BRI Lo 4R T 5 EkE)
RO % I BE T 2 N ESSH 5. AWM TIIELM
IZH %, ZOXEMBEOEFHIZOWTHEERIZLDHFEL
7D THET B,

2. EBR&EM4
KENM% Fig. 2 IR F . WE46mmD 7 2 ) LB

PUCKI08kg DB AT V) ¥ £ A F XK 80mm £ THEA
L, B#AY) Y AOBEHERANESOMMD 44— a4

LD EMIZ—HTALIICAA LB AEF/ELE, FLT,

PR 30kHz D BIRAIZE Fikdds % Table 1 12§40 T
BhA ) AZEIL 7=,

MRASEANCAER T 2 XSO EHESEZ (1) R
TERENB D,

1
~ gk, tanh(k,, h)

o

Sim

ZIZT, ky BIXRDOFEIEXR Y L LB, O BE
(d(x)/dx=0) L 5 5 EmBEHDOEMR B, L HHFERED
 k,=B,/R) THH, mZEEHFEADWEDE—F, 1135
MAKADENEERT, ZOREREEIZB W TR SIS
Bl - MAERES B, HAATENZKR, FEAEIC
LRD fo,=6.4Hz T&H > 7=, ZHUIMRE A BEIIEIFH—
DEMEVBMEBIFERALZ2DTH B, 22 TIFRBEX
FBE & FEIRE B L 0 & 5KV 1 Hz, BEIAIRBYEOR 6
D 5,7, 9Hz IZRRE L, BIREEEAREHEEIZKITTH
BrAAETL L 8I0, NELMBIRIEOEMNEBR,_ %

min

0.009T L EE L, K& L#MBIRIBOFZHEB, , % 0.016T,

0.02T, 0.027T L &AL X B /- IZhiE & 2 Rk E) 4 HE
L, B, DEBIZONTHEL 72,

10

High speed

———

«— ¢130mm
S Lol ]

source

Fig. 2. Schematic view of experimental apparatus.

Table 1. Experimental conditions of intermittent alternat-
ing magnetic field.

Carrier frequency : f 30kHz
Intermittent frequency : f; 1,5,7,9Hz
Maximum effective value of magnetic field: B, |0.016, 0.02, 0.027T
Minimum effective value of magnetic field: B, 0.009T

Time ratio of B, to intermittent period : D 0.5
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Fig. 3. Surface motion at each measuring point induced by
intermittent alternating magnetic field with f=
1Hz and B, ,,=0.02T.
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Fig. 4. Propagation time of surface wave ¢, under different
intensities of magnetic field at f/=1Hz.
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Fig. 5. Effect of B, on propagation velocity of excited
surface waves at f;=1 Hz.
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Fig. 6. Effect of intermittent frequency f; on propagating
velocity of excited surface waves at B, =0.02T.
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Fig. 7. Top view of surface wave on liquid gallium induced by intermittent alternating magnetic field, (a), its developed schematic
view, (b) and schematic view in the vertical cross section of (b), (c).
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Fig. 8. Wave width (a) and height (b) of induced surface
waves at different radial positions for f/=1Hz.
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Fig. 9. Volume of the induced surface waves at different
radial positions for f;=1Hz.
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Fig. 10. Relation between the theoretical phase velocity
(cye) derived from Stokes wave theory and the
measured one for the surface wave induced by in-
termittent alternating magnetic field.

FEHEEROLIC, TORREEEIELILIZES,

22T, AEBEOEIMNIZ AR 2 REIEEOHEEH
N L, WOIERIEME A R H K 75 < & 5 AFRIRIE R
DOMEIFIZH B EREL, X F—2 ZADORIEY 3 EEESHD
FAREOHGR S EHTE S LRET DL, —RILTDED
R FHERIE (cp) 1E (2) RTEREN D9,

Cthc:\[m{l‘*(z”n/l)z}m .................................. (2)

(2) R Fig. 8 IR TN B HE (n) HLOWR (1) D
ERALZKRE, Fig 51IS8&N % B,,,=002T, 0.027T
TOEMPEBOEERE A F LD T Fig.10 91T, bk,
Fig. 5 D FEEREIZ 4 mm<r<17mm O T EMETH > 7=
7%, BHERE & IIFNCELL 7=,

() R&VBEh2EHGEEIZHEET 2 &, HEEEE
B DREOERHIKRE S, HRITEHE T HIZONTKRES
B, ZOERIE, Fig 5 1070 XN B EEEBOIEIEEE
ME—ThHBEnHHEALERES, LarL, EEEDIXS
DEEEET DL, ML EREOHEIZBLZRIC KX
XTHBEEALD, £72, Fig10 ISR S 2 HERED B,
BXOERABME I 5 883 Fig. 8(b) ISR E N5
BOfER & —F L 7=,

Fig. 4 TIRHOAHEIZ B O TERBEE OB M AL S h
7z, %72, Fig. 5128V Cid B, OMINE & & ICEBEE
DOWMAPFER I N2, Ihoik, (2) A» 6B 5HER
& EMRIZ—EF B, Fig. 8(b) BL U Fig 1012 kd &, {5
BHE AN 24884, WFhE EmEEo I3
mLTHY, (2)R%AMHWT Fig. 4, Fig. 5 12851 5 RMFE
BOEBEEOMMEZET 5 L, WEOHEMPEFEIKD—
DTHDHLEEHTES,

FERE T AL TORBKE OIEEEE 2 —E T
oD L, FERE TR A E (BB MK
L2 &%, EERM L BRE L OBIZEN YA C - HH
ELTE, (2) ROBHRA—RITEAERERTH S I &

PSR B2 BRSBTS PR O ARG IR B g T LIS & h B R s O (AR

13

FERIZ BT D RARBOWRDOERFEVPETONS, L

Lo, FEE L EERMEOERIIB I —HL TED,

Stokes DGR AFHSE Z &2k 0, BRI MAFICAERK
TAHEMMESOEREHLES Z LA THIEE A
50

4. #£8

RE/R BUZE HRESR O ET I W AR & 08 B ik R hie
XN ARMBEBOEBHEI IOV TEFLERIZCLDBEE
L, UTORHIRE2EF7,

(1) ROBIRIEREIMER ZREmUTFEIC TAERT 2 REHKE
13, T —0®E THIIZES > TRIET 220D, H
A TIRET TR D 5 BMMEBEREY» AT 5,

(2) BOBIRIERMEEIZ AR $ 2 RiEHEE O (RREEE I
G 1RE I ITNEE MY 5 1 I8

(3) FREIBIRNERE BRI 4R § 2 KRB O RIEEE
R R B S IRTE L s

(4) BOBIRER MR T 2 REAWEB O RISE S
G T A L L IR ERT T AETEMNT
é o

(5) HBOMIMZES EBREORM, hRiFEIZE
B EIEERE ORINE, RMEEOR SO & EHEICE
#35., 7, BIBIRIEMNEIZA RS 2 2mBEEORM
X2 b — 2 ZORIB$ 5 EIEE) OO MG & SIS —
BT 5,

AifrEo—iE, () BRI ERE L 2 -
BRELEOHIE 22T CEBELE [ 3L —-HHE
Hit&BEE Yok 2] » o 0HiBIEk KU, XHFEE
Bl E e (BEEFS | 07305059) TiT->72Zk
AL, #EesERLET,

o =
CWREE (T)
D BEBIRIEDFNE ()
D IBIRIE AV K X DR O HERIE  (T)
D REBIRME AV X VRO EE  (T)
A b= 2AEMEG K DEN SN AREEE  (m/s)
I B, DFMEEREL (—)
T RIS O SR (Hz)
R (Hz)
D EE R (Hz)
D EIIEE (m/s?)
DR (1/m)
D EE (m)
J, TIROFIFEN . LB
. BT (Pa)
D EREIT D KA (Pa)
D EBIE D R/IME (Pa)
R I BEHDYE (m)
ro O MEEERORE A AR (m)
T I BIBORSREO R (s)
¢ EER (s)
t, - RFEBOIRERRE (s)
x - EAEERAO x F AP (m)

~

3
E

EDJQ:CGCU

-nn
5
g

g\':x\\ o

> x>@
5

583 NI



I 554

%

&4 Tetsu-to-Hagané Vol. 87 (2001) No. 9

z C HiS R D 2 FEfEEE (m)

B : dJ(x)/dx=0DFmFE HDIEM (-)

y L EAES (N/m)

n . BHEXBEOZN (m)

A REWEDOWE (m)

p TEERE (kg/m’)

T REIRRAW (s)

RWAF

[ CHNAAEOE- R

m  REEFEOET—F

X 13

1) T.Imoto, Y.Ogawa, T.Toh, I.Sawada, M.Burty and JM.Galpin:
CAMP-IS1J, 8 (1995), 1004.

2) M.Pavlicevic, A.Poloni, A.FKolesnichenko, C.Bassi and A.Codutti:
Proc. 3rd Int. Symp. on Electromagnetic Processing of Materials
(EPM2000), IS1J, Tokyo, (2000), 536.

3) S.Taniguchi and A .Kikuchi: Proc. 3rd Int. Symp. on Electromagnetic
Processing of Materials (EPM2000), IS1J, Tokyo, (2000), 315.

4) YMiki, T.Fujii, H.Kitaoka, S.Saito and K.Komamura: Proc. Int.
Symp. on Electromagnetic Processing of Materials (EPM ’94), ISIJ,
Tokyo, (1994), 217.

5) K.Iwai, R.Tamaoki, K.Sassa and S.Asai: Metall. Trans. B, 24B

14

6)
7)

8)
9)

10)

11)

12)
13)

14)
15)

16)

(1993), 259.

K.Kaneko, T.Misawa and K.Tabata: Proc. 6th Int. Iron and Steel
Cong. (6th IISC), Vol. 4, IS1J, Tokyo, (1990), 254.

S.Ohshima, H.Kado-oka and R.Yamane: Trans. Jpn. Soc. Mech. Eng.
(Series B), 57 (1991), 3091.

JM.Galpin and Y.Fautrelle: J Fluid Mech., 239 (1992), 383.
JM.Galpin, Y.Fautrelle and A.D.Sneyd: J. Fluid Mech., 239 (1992),
409.

F.Debray, Y.Fautrelle, M.Burty and J.M.Galpin: Proc. Int. Symp. on
Electromagnetic Processing of Materials (EPM ’94), ISIJ, Tokyo,
(1994), 29.

M.Burty, J.M.Galpin, Y.Fautrelle, F.Debray, T.Inomoto, Y.Ogawa,
T.Toh, I.Sawada and K.Harashima: Proc. 3rd Int. Symp. on Electro-
magnetic Processing of Materials (EPM2000), ISLJ, Tokyo, (2000),
321.

T.Li, K.Sassa and S.Asai: Tetsu-to-Hagané, 82 (1996), 197.

Y.Chino, Y.Toyama, K.Iwai and S.Asai: Tetsu-ro-Hagané, 82 (1996),
1047.

Y.Chino, K.Iwai and S.Asai: ISIJ Int., 39 (1999), 1245.

ISV Ay b, AGYTVYLE, B, mH &, %H
8, hEEs, PRARE, WIEZ, UK BR.3044
7 — 4 OMFHLE, RRAE, W, (1976), 111
ISFRBEE b —ioKBEE AR (R, R, BOE, (1957),
156.




