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R AF LR ABSTRACT

Electromagnetic Soft-contact Characteristics of
Continuous Casting Mould with Different
Structure Patterns

Abstract

The technology of electromagnetic soft-contanct continuous casting (EMCC) can
improve the surface quality of the billets through applying high frequency magntic field to
control the process of initial stage of solidification. The distribution of magnetic flux density
and the characteristic of meniscus are important aspects to estimate the results of EMCC. The
structures of EMCC mold are important not only to the effects of the technology of EMCC,
but also to its industrialization. It is the foundation for the technology of EMCC
industrialization to know the distribution of magnetic flux density, the characteristic of
meniscus, and the characteristic of heat transfer in EMCC mold under the condition different
structure patterns (billet, round billet and rectangular billet). The electromagnetic soft-contact
and heat transfer characteristics continuous casting mould with different structure patterns
have been discussed in this thesis. ,

Regarding to ®178mm industrial round billet EMCC mold, the distribution of magnetic
field in the mold under different slit parameters have been discussed through 3 dimension
finite element method (3D FEM) numerical simulation method and experimental method. The
effect of slit parameters on the distortion of meniscus has been investigated through the
experimental method by using low melting point alloy. The results show that the upper flange
of industrial EMCC mold has some effect on the distribution of magnetic flux density. When
the input power is over 90kW, the shield effect will come out. The magnetic flux density and
the height of meniscus will become larger with the slit number; slit width and siit length
increasing. When the slit number was changed from 24 to 32, the maximum value of
magnetic flux density increased 32%, the height of meniscus increased 110%. When the slit
length was changed from 100mm to 130mm, the maximum value of magnetic flux density
increased 28%, the height of meniscus increased 155%. When the width of the slit was

changed from 0.3mm to 0.5mm, the maximum value of magnetic flux density increased 15%.
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All these results can give great support to the design of ®178mm industrial round billet
EMCC mold.

Two kinds of asymmetry slit rectangular soft-contact EMCC mold with the same inner
size of 213mmx85mm were developed. The distribution of the magnetic flux density and the
characteristics of meniscus in the molds have been discussed through experiments. The results
show that: the magnetic flux density and the height of meniscus increase with the input power
increasing. But the input power did not change the distribution of the magnetic field. The
maximum magnetic flux density will move to the same direction as the induction coil. The
free surface of the liquid metal should be controlled near the center of the coil.

The positions of the slits in EMCC mold are important to the magnetic field and
distortion of the liquid metal. It has been found that in the rectangular EMCC mold which has
slits at one narrow side, the magnetic field is not zero at the other narrow side where there are
no slits when the input power is not zero. At the input power of 52kW, the maximum
magnetic flux density on the narrow side which no slits is about 60% of that on the other side
with slits. For the improved structure rectangular mold which is added slits at four conners,
the magnetic field and the height of the meniscus in the mold are also enhanced. The
magnetic field is also uniformed at the same time. It can be proved that using this kind of
asymmetry slit structure EMCC mold can apply the technology of EMCC to the rectangular
billet continusou casting.

A billet soft-contact EMCC mold with the size of 100 mmx100 mm with non-uniformity
segment was developed. By using low melting point alloy, experiments had been done. The
results show that compared with symmetry slits EMCC mold the magnetic flux density and
the height of meniscus are almost the same with the input power increases. The free surface of
the low melting point alloy will fluctuate heavily; the temperature of liquid metel will
increases, the initial solidification point moves downwards, and the solidification shell
become thinner. The joule heat in the mold will increase at the same time. The temperature
and the heat flux of the EMCC mold will increase. The mold oscillation also can increase the
temperature of the mold and the selections of electric parameters should be adapted with the
technical parameters. The resulets can give great support to the EMCC industical experiment,

Through the research of electromangneitic soft-contact characteristics of continuous

casting mold with different structure patterns, it has been found the structures of the EMCC
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mold will not change the electromagnetic soft-contact characteristics which are detemined by
the relative positon between the coil and the mold, the relative positon between liquid free

surface and the mold, and the input power.

Key words: continuous casting, electromagnetic soft-contance, mold, distribution of

magnetic field, shape of meniscus, solidification, heat transfer
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AR Bl BE AR R R BRI EE S B, B REHRIRR A w0 K R,
R MERIXAANBH . RN, KEFRRY, TRMBMNERTHN, LM AE
BRRE, FRRERERZ AN,



RN i X FE &k

SEMEHRR R EN SRR L. AR NOREN 0.08%H
0.26% IR YL, H/RIAIBEMR, JRIRURPERRIR . IR o) B 43 A o 1 6 40 3 A
X, AEBRAT, fREER o BT,

a= 20 (1'1)
(p,-p)g

M o HENF I Z R LU R PR BEAR R, Bt TRMIRIBE L2 BINA . Sovib s
CLRGEABE R M. [N, fORMEESEES AROARTYA, SHESARNT
RN, BFAURIEE B R AT T, SERR IR BB LR B D, AR
FRIRAIKOTIE, FRMENTNNEFMRA. ARPERTOERT, Y5
R 0.0167 mis, 7E45 5 BRI DT 700 Ha B, TR 09355 o 5 A1 5 7 e B e
AR, SRR 700 Hz B, SRR IR BRA M. % 5— AT, Yasunaka
FIWTRAESZE K 300 Hz B, SC3 1R BEAVHRI (o) BE 18 50 T REFHOWI &

AT REERFRBSSIME, BbBR, SRBBEREE K, 85T B BLE
¥%, FREEBARED N,

1.3.2 fRR B BERY R I A &

RRAENEFLRN T ZSHMEK. TREYW, EEEFEREEIELUTAR
YE:
t
d=k—= (1-2)

n
BAMMBERRRORE, TEEBEH LR T OB RO . REH
HILFP o] U IR IR, (B IRIR B 2. SR o TR R M I B8 1 e
B, ZRRBRNTEZISTENRL. HARY, SRR EE A OB
WP, WSO B T LIRS BN, AT LA MO BRI RS, U
o Tl o] LU F 2R R R

-9 (-0,

(1-3)

4
a="—"x100% (1-4)
4,

e, o BB RRRLE . BRI, 48RS MRIERN, S0 BT R,



RIb KR 15 4t

WRRFERAN . PREEREAN, FBEM AR, RREERAD. EREARRRA
iv tu—Fitg?—/?\':

15 Zﬁf
fepeg o Ted ™) ko, (1-5)
' ! R k‘tp \/;
t = L t (1-6)
P, ‘n -
f
v —V
f,=———n(”;, J (1-7)
i

AR BEEHFEEREL. TR, 4RSNEEENSMEEESKTTER, &
5B, RELFFR. £RBORIFAEREN, FRENDERHER, R
JERRERRAS, Felt G SRR . SARB[NRERKR, BTALANEE. B
PEIR m 4 R RANINE, NG R AR IRIE, T LA SR B TR, AT SRR R B
Il 2 DA B 0 B B T 0 i B E 2 0.1~0.35 Z T,

RPERYITE R RS B8RS A ALK S AR BTN IRRERE £,
ZHENE EFAREK, RRBR, SRR, RS, ERPEHDLE
ferR, HEOHRREENEWERK. TRPEONER—R U TFHARFHE!.

Q=0.55(%)(17Vf)*"5+0-1 (1-8)

HARA, EFSEFHEHNRSERREER, WRPEREEERD, X
BEKRENTYERSBETRIE, B, hTHAEFRRRIEE, TUEBEAR
PERE. ERPEHETA, WRFEHRELD, EEFPFERRNENREN
fak, SIRBATS, TERVLURH, MERNTS, FELMLLRA. Bit, &
LMEBEREE RO S, REIEEE, RESAFJRIIME, HTURD>RFEL
HALE, MNE2IEERREKHE,

Ao, EFEREEE, WOLRBNEATLKRES L, ERRERTEH,
BRTFREZERR, EFX—RN, FEENLERJOMEIMEHET TS, HmEn
TRAEME LS RRMEEE, 4 R%NEERIIN NG RBIONMEE. BIRRY, XA
KRN RE BB ERHEERD 15%~23%EE", AREFERBRNITELS
MIRREERATEW. ARSNIFEND, FREBETIHS, FHEIKR, 44



FRNFN g X F1E 4it

BREFRLEFHIIMERRRYK, BEIRRERRREERY, FEmE R
M, BEWH. FARNERSOIHRATHEDL Smm. ELEHTEEE—EMN
WO, DRE@AMEHERRGRREES o st eRIRRE, KBRS E
PR AR EER, X BRI ARR B, (KBRS R R R R AR R,
i o0 R R R VT AR & R R RO R TR 9K 7, M0 38 0 VARG R R B 4
PR EEROTARY, ERARMEFEAS, RPESETE— SRS, ANT
BRBERRE.

1.4 BREEMIEGRAN S

R EMER ARG EFERROAN A L. WE 13 Fim, WEREEER
AT R, HELRBEHE EENAE, HEBMARHA, REHGSTELE
PR 2, B IS IS NG5 A0 88, N TTPESE 0 38 1 RO rF A Hh R T HELR
GBNRIRSHENG RSO H LR AL EE TRERTR G S
1.

(a) By (b) FHF
F 1.3 R SRR TR R
Fig.1.3 Sketch of EMCC

GHBA &S EESMIRENEENBE S, % ABRE LRI RBAERKY
WRIER SRR, MBS Al. IR T ARG SRR KB ETE, WG
& TR AN, ERRSENSRREZ NNEENR/D. AN, bTRETEED
G AR BE L [ (R A R RN B R, (eI 1) SIS EEAl (soft-contact) MR,

RHRENERETERIGERER. RROSE M, FRETIZTEY. BEn
REEEASE, MASREMD TRESR, ABARRE, THBEEENYIGRR T

8-



FIEKFE R %18 &t

B, RARENRERE, REXORERGFNEL. B, BRARMEFARCK
ARERFENFAANRMRERR, EEFAENFEITHRIF T KBIHA, K
A AA, SEELSIEAE T REMAL. EEER, REKS T RAEL TR R
THRNBTEF, BB TERMR, —LMekdlth AR EIR, ERESNKAE
REEREHE .

K EMEFRARNESRRAZ R H AR, ERlREMERIRES, H
THEMEKME, REATRTRRA:

sy

vxE=-28 (19)
a1

VXI—'}=.-]’ (1-10)

V.B=0 (1-11)

B=uH (1-12)

J=cE (1-13)

-

F=Jxp=22_22 _F ,F, (1-14)

FRENE TR EE BRI SH RGN NRR S F, ERET BS54 5
BZEMBEAME S, FERAREM: BTREAAE, EREBIKIEENARN )
F, ﬁ%%ﬁ%mﬁ#myﬁfﬁa *ﬁ% Maxwell 7:"*5’ Fr‘%- Fz B‘]?&?\%

L
°C'é—. (1-15)

F,
F,

R EREERS =m0 N L Rl BERE, o AHSE, | AHSE; /
SR, BT, SRA, 5 B RS F IR, BERNT AT, B
B AR R TR S
T B R A E SRR 2 A, T OEES AT AR e R
11 P AEEEHIE A B Sy Py LRSS ) Py (SEFIAER, B
P=PAPAP; (1-16)
TR I, BREA BRI REAR AR, MR R
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FALRE LR 18 &t

BEHRAERIOER. RPBRBEDSHEEN ROTRRTRNL, SRR E0OZ %
B R E R IRTO R HH R, R HIRBLE S, A Rk R TR BT AT
ML

14.1 BEREMEBRANERIE

L 7 R ARG 040 S FO6E TRRMRAS ST AL — T HAR, B rBliA &40
BE—NEEK). BB ISR 3 MBEA AR Bt §T B Getseleev 2127
A 20 43 60 SFRTFR MR, EHRRRESR, BRI T A ARESNE R
ERHH B

KR BRERRE E R MRS JRA 5 SRR R 280 38 b3 LU
MRS, BRPER RS, Gl RESRTBRARRE, WRRSHZREEN, &
AL A RRRI R . AR R KB, BTSSR K S L T
BRI TUUEIL, FERIBAE. X MEBA TR, Frtihh, FHRRSSRE,
BERBHERTR, XAEATERTAFEERENER. SERNEHML, T
RHEEFNREZ TR REREIRT, FRSSABEEEM. Ht, B5s
JRLELE 28 PO IR R E R A T IR KO AR A o SRIED 45 58 4% 1 ) 3 T 4 e 2 T V4
R WHrEERIE. Ih, WSSRERESETZIMBANOER, WHBEHE. &
Wa)F, ARBAT AL, ERGTRSEHEBIEH. Bz, THESTUMEHRL
GEtERAIBRE . TREFFIARMAEESEHBE T,

HT REGERRAW RBIHELE. BE TR, MERAT¥URBEEHSE]
#RL B, SEMNERMLL, SHERNRETEER HRAKEETL. THE
HHTREEEASE RREEM, RELREDHEHRENERELS, LLRNK
AR, BT —BARMEARRKTEEZ . BL5h, B FARBBH R R/ N E
BleR R AV RE W, NT SRR, AFEX. BARNIE, 854
BRI, REEAREFRANA TGS EEHR R ER.

N T R R HER I LR EEE, Vives 7E 1989 E AR T M7EBHEERHA L1
FEWER TR, R T CREM EHFEASY, HEXARRASAHRAHET
PR MIE R 74 8, BUCTR MR 5 FR MG RBOEE, hsHA
ATHEGSHERT, BAER 54N R ERBEMRE. AXNE THENRE
FE, BARTERERMEERAMENAR. B—THRETFEREN, METHEE
IWHETT IR Z B R R BRI 4 101,
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A RFE LR $£1¥ 4t

RS S R RUEHNA R BB RGREA KR ERREXRSN
FRBR. AEBHEFSTREFRAENR HETFHENRNEZBENEMT 48R
B ZERBTERASBERTRE, LSRIMEEOMRERDARENNAL, B
S, FREMBES TR TRREN EREHEEXREWNEEER N TELANER
MWRAEF SR AERRELSERBNERERASER L, ARERNLERERA
TRUABBKAHIR A A, (54 s B BB I BR R R AT AR AR . IXHE,
LERBMENERRE, TRRNISN= AR B NHAR, 2588 RERED,
Bk, A& RRE R R A R R AL .

TEEERBEF LIRS, FRNVREERHARBAEHIN, B, WANEE
PR A 4 SRR FE BV 3 e 3 BUR R ROT R, RT3 U AR K B L R B
EFBEAN b TERFEEBEPER THRE, FTUFERTRAES] . KEMRSOFE,
ATUMBIRAEREA I, BEREORERE. R, SRR BEDER
WASRBFAERR, MR, RIELRMNTRE. HEX—HEARTHEES, W
HREHEURNEERENER, KIFRZHANRE S L4,

20 #4260 AR, HHFIEK Getselev KM T R F w5 7= 4 K ML E 1%t & )8
YT A R B RS S AR (EMC, Electromagnetic Casting) , 3F7E 1966 £E4K
BTERZEBTHE-NMER, ZEARERECLEHWNA. 20 AT 80 4L, Vives
7 1989 ERR T MhIERBEH B AR EMACIMTERR, RiILT CREM EHHA,
fhRZAUAMHBEEGEANER, BZEAATEESHBALY, RETSE
BT R

HINFEEZBTBR, HEBARBIMAMEFES, FFR TN BB
EHFRA. BATR, WREEATF KRBT, WeTE &L 60 LR EE T %
EAEFER 0.2%. HAKABERHARMH BB BRER— MRS, 1985 FHA
MRS BALT MR (EPM) ERE”, 1995 F, AXEERILT“EFF
HREE DRI AT R EFREHIR SR, HEEE, & 0 MR REER,
6 IR T 25 12 H T W1 IR E B BIR A . BG4S R % MaERIBARSHITIH
RAH

BEHTNGARBRAERRILT 1995-2004 EFRERMUIE, b= Lil%
BABAB (RIST) X%, HRZMHFHA. BEKEMEFTRES, FAMHRALEH
BHBMESANE ARTARNHARAEE, SURLHMANKS. EABE
WM R R A i S X B R R R E M. FTA K. NKK. £RER

-



FRALAFH X $1E &t

IS B SR S RO - 7 56 U R 5 X S P 7 0 S0 T A B 6 0 T
MR, AR HERIOR. BAKTTAEA 60Hz #1TRR, KSR 1000Hz #
TR, RiaH 20kHz BHR PRI AT 3 . NKK 48R _E 24 & S0 B e i koo
With, ¥ P HIIR A 10kHz BA_E Y PR X 5 B (R T S B AT T KB MBFST. R,
RS RER A RIFERIRR, FRNMGREL AN EE T BZES, T
SREMENT) 4 5 4 WK EEHHL L. RIST BTSN K— M B
LIFRT — MK EAMERRE, TR R R, MM 0.6mm FFEE T 0.1mm.

142 BEEEMEFRATRRR

1985 £F FI A 4Nk & BUSL T “#F #) s 5 72
(EPM) ZRR”, 19954, HAFERIT%
Vo B R AT R E F RS, 6 S
U2 25 {0 B TR VIR E S R L B R4 B
. WENEHIREAREHTIT R, (& 0167 (b) O

AARBEEFREAESSPb EENNI ARG W 14 bR RAR AR R 8
WAREATRIRLRBE: WM 60Hz (IGHRLE  Fiel4 Effect of magnetic field on

surface quality of stainless steel

JEEREBRNRTERHEEYN, BRREBIH
BEE. HEA Ni FRHTZ R BEE RN R TN . B — RN,
P EEEAE R, R Sn AN R, Xt 030mm HYSIE MM 1.75kHz-15.4kHz
KImdEss, RIVBEADMEER B FHERTHRRRZEY, 5N 25kHz
HEE| 150kHz MEREANERT, BENKERESIHERE. RESHRS
SRREERKS WS TR R IR FE LR E M TRES B RmEN
T, BRELWRI, AR ARG BRI, S5iEgimams
RAFAFKERBR, TURBHEEMRERED, PHEHEHEN 0.12%H
150mmx150mm [ 840 7 BHEAT LR, 2 RELRAIT A AR08 DA K S 3
RENERNBERERE YW, RIUAHSBEEBERERTEE, Takehiko ZA
EI ARG ©190mm B AFFFA R, BABES 1.4m/min 34T BRI BALE 555000
AR : D5MNEA KR 0.12T B, BAWAE N 30mm, LEIHH 0.16T i, BAH
EEZE Somm, FIMEENRAREBEVEKRE, KERKEANK. WE 14 5
e BHERHBRARAUSRE L RBORD), LTRSS SSBORIELY,

Casung dection 100 (rm)
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FIERFEERIL F1E 4

RET REFHHECD, HART REERS ATTANRP BN HEES SN, £TR
%4 F, Tanaka SLHMRKIA: R L, BURRNREELE R DOLHIEX
15151, Nakata %% DLAE4E G A8 9 30 P8 ) L ARERE RSB LE VL BGR, SR R A
Ly, TEGE SR MR NIR AT BN, AATERIh I T 100kHz 8 B SR R
fEEgEm LN, BRRELE. TRAFHREMHNE, RIS, RE#S
MR, FHTREMEmMBENE, RCEFOEHTRE, BREEFLLSH
BM . Iwai SR T 76 90kHz i F M4 S 1445 5 23 R B RESA MG, REITERLER T i
L HREN R RS LB OLE b, SELRABREX, MHAFRTIER
FEMS S, RIS IYISE T LR SR NHKRY, AR LN ERE B E
fntysIB, Tkuhiro 454 ) FiBEAR B BN SRR B ) A VE R IR ZEARVBAI A
R 4 RSB I — AN R AR, REERIMREE), EFREN7ZE ETHm
P—EFR, RESRIMEEE. ZrE MR T RE, FEAREREEY.

A THFRZIEFEA, #6E KIHIHN
SATRILT 1995-2004 H R E A ML
H. H9 Park %%t 100mmx100mm 75 3£
R A E AT RN LR, RIE % s =
20kHz B, WERERRBHALE, K5 B1s !*Z:ﬁ)ixg‘zﬁé;;;?:&iﬁ;?ﬁggﬁﬁ%u@
MEREEEENEHAY), fEH)GH  Figl.5 Effect of electric current on surface
102mmx102mm 5 T A D)4 4 B2 s quality of Sn-46wt%Pb alloy
HEHRNLRY, RREEHRRE, CHANERT, FEEEH, BAmZEH
IERRAEE; LRIERH FIREK B ROERE & 4 T 4 &8 A R3h tL iRk 3l i 7 Rk R
Emi£PY, mE 1.5 . ATEABREREREM, PR HE R EAE% S R
BAMABA N RIS ENT, R0 B 0 B A 1t e Y 2 P o B RO B
HHEN, 5 Iwai ZANERAR, RABBENERES LB, HRASBRERT
B, FBHEBRANHENRERELFEREW,; TRERTOREYWIE, £
HBES P RIRR, ARG E R R R SR TG R, ZEA5 0L B I R
BRI R L EIE SN 1/10%; ERMREZEKOERT, REFMRKSCRORE, T
FRFH, LR WERNARA 1000A 24 HAKEERERRRTF. Cho %7
F Sn-Pb B &AM TR, #AT TIREMBRKEMERIRNTR, ERT ERRM
GERTRASBOE AET A, 0 TSR, BRERRERENEEREKZ
Witk A,

13-



R F1E gt

RIEKFAENKBUES TERTREMIE. M 1997 EFERETT TR0
REAER T, 2000 FEEAEAMHDLIT 100mmx100mm 40 IRAIHHE b A
K. 2002 FRHIMHIEE 100mmx100mm FEHRE, TRBOKEAHBME, W
B 1.6 BIom. 3% S5 S5I0AT B A0 A 7 12 5 48 oA VB Pl L7 A U R R R FEL R P
MM, KANESHS. ERERAHE RS ORBRAD, TEhgmssAs,
BEREN B EHE ARG R RGBT
1T T8, RIS B2t 50 T PR 40
KTF 60mm B, BRI IENEATEWE D AR bk
ERERENR PR ERT 25, B b TRE
P B ) B FL A M N, e Fig.1.6 Effect of high frequency magnetic field
50— 45 1 B T L B B B R A IR on surface quality of Q235 steell
REFENEERES, BersitinTH
HasH3 45 AR N IR R B M, LK
LA T e A e Aok 7 o T e L 3
SR Z B2 R, BXHETE o R e o

0T 0.014T

o 45 85 OB TE AN 17D 358 7 O B 070 3 AT B 1.7 BB Sn AR R
THEN ¥, B A B )4 R 4 H 5 Fig.1.7 Effect of high frequency magnetic

field on surface quality of Sn

P TR 3R BER B 43 A5 3 A LS8, o
PRAXHRN IRE SR IAT T B — S WRI 5L, BT E— ARk, %5
A RHBRRE R, B AT, BEtEm, R R NS Y
AR, RIREGS BN RN RES,
RERTREMNFERESAMEIRUGER TS SRS AEO RS E#IT T
KR, ERTAREAEHEGTHRES RS ATNEMER, R/ sa T4
I RAHT T SE SR SRS O B BRI S % R R TR B Y, KA Sn
BB, R T T A R b 30mmx30mm K77 745 5 38 M 30 REA  A5 3 ELIE B 76
HmEAES (33KH2) FEREFRY BATHE™, WA 17 R, ARFEED
KRS T X EBL R (9100mm) RRALHERT, 45580 BHnM0 1k
R E RS R AR TR SARA R IR B R R B R
BREMEO=AE, MR B RRE T 57, LSBT AL R A
AR JOE R B R A B M TR, ERAN T ESMEEA, Rk
SR BEX Hr R E A B BB KT, 2 RS M SR R T L S & Sk
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FIREH LR ¥18 40

Gt (VTR IS AR, PR AR SR MR IR 5 4 S AR BE A, P B
RS i i i v SR 45 2% P SR A RS AT S AR P R R R L SR B
SRR, BEEDEAEMGREA, EFAREXTU, ZrkSEid hiE
4 Sn-Pb FLOEEMLRRATESMMARBUS FM4 T, TEFHIFERITFH
O60mmx15mm 5 LEET AR S TS ORE K FEH IR Db As
WM EHRFE . RS RRW: LHME (kHz RIS, 208 B RR RS
BAE T 20 50%™ ; MEMTAREEAN, FOEEMNREARERKT 20%™. HE%
R R RS ST, RNEERT SR, HERAIEEERE 7
FIs, REFEREE T HEMEED, kX ESHHIE RN L B 5 4 5 A% E
BEBK, BURSRIIRARI BI/N, 5~10mm B BN A i AR A AR,

LR, SR TR T B AKEAE SRR, BIAT 4 RBANES
4 B BERRIHE DA SRR E LR R, RS RS S
(94mm) WFFRHHEAT TR, SLHI7ECRIETIARE E AR RER T, &=
£ B VT AR R RS 3 S PEBSL, X B i B AR B8 e S R R T Y R
RIS B A R & R B R, BEMSRIMAEEERARIZERT, &
LR SR AR\ B R MBS R, ELTETIBRE B 2Rtk BT BRI T BB
R D IREOEIECU) Z R ML, & RERS IR E BN 5 4L —
B8, B 5 xR RIE RS T B4 &3 RaD M LS SRR AT T IRAIIRE R, I3 TR
WAL LY, R ANTE S Sn MRS 04 R 7R B A0 A B8 T BR ARl e MR
PEENFSESD, ATRERENEERARE, FE—BEED. TEPELR
BHEEZIEEAEZ NS RN, TESHSNOBBRNERE. XA HEELE,
AR ERBRRE, B EIHIRGG S MIEERE, TR RS P BRI 5%
OI, BESERAMEERLREPLRRY, BNSERASERRE T HENRE
R, BEBARTM 30A INE) 80A, BEIRMLEMHED .

SRR 9T 5 B FE R B I B R T T — R BT A . ISR X
F—E BRI RIS 5%, FE— N RERRERMER TR R R LA™ f
TIEA IR REA G, DA R AN RS AN AR B g RSB, B
F. SRBHTE, KitE MK EMEFEARRRORRNERZ DY, ausm s
RS RAOERER TN EE, REEFEORMEE, FREERBI RS R
BRI, B 2N AR S R T AT T KB EPSM



AL 148 F1F 4it

L5 AXHRBEMIAE

FEL B K 3 A 5 R A A G 5 AR 5 AR M B R B TR SR B B9 1 B
. P AL B804 B A S B N B B B ik
i, R RS AR TR TN AR BHAR L —. AipCESHRTE. &
FESR R [ 8 P R 5 0 A T RS ML RV B, Ry A T s
L BTNV H ©178mm [ 55 i RESK B o 45 38 AU 2, SRR B AL 7 S

A& LIEZ RYIESE (VIESE. ISR, VI W5 =Rk S

IM SR R
2. UTMVA 0178mm [ RRK B ALE 4 B IS AR R, TR =S4 5

# LEZRUIRSH (VSHE. VISR, D8R M4 5% M S A

B, SRR RS S RBBILE, ZRBESH 4SRN ATERNY

FWAE,

3. AR ©178mm Tl A BT i K A T 4 45 S (5 B

4. WHFHHHENRRTH 23mmx85mm (IFTRERSI Y14 T 26 f A B e e 4
b o s S AR SR S0 % SRR 4 R SR M IR M RIS B AT MR,
FHIE AT R AE SRR I EMCC 4 R 5241,

5. Wi IFBHET AR H 100mmx100mm 35557 Y)4k 7 £ f BEAK A 4 4 1
an AT T RSB L8 SR SR ARE 5 00, AR % A 45 5 58 4 15
WS BAERR. REAEHH. SHAME. &088EE R, i
WL SRR HKRESS BT,
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FIEREH LR %2 % AR B B AR RTTA

F2E FEEABHBRENSRFNHSS
(E: 050

21517

HER, EBRSKERRERRY: MEREMEFEATUY ENEE
HRMRARENARRE. BUKEMERBNOES S HANEATTHRZ
HARMBZLONE, REZEXLHETT REHA. ‘

X RERENE, WHNARTACEERUYASERBAE, X
LR TR G BB MRRE D RIS R AKX E R R HRIRE
BAME BIX &R 2 ERERIRRESF LD, BAFEREREXNEF
Hrl; R, ERARIEKEAETE [T AR EMBEAR TR E
K ©178mm FRL R, XTFUALE. VAKEMYSEEESSHELIER
Eo. Fit, AX4HLARA ©178mm. 213mmx85mm F! 100mmx100mm f) FLRE
REMEFERBATANE, AR TERBREHRTZSHNE RSN IET
AR

e BRI R, BRI HEIET RS Mk HrTT
R, WNEABHZETT AR BRAZ I BESHIS RERE,
HERESFEHERRE, i HGHHET B OLE R0 R R aEH S
e, HRCHKERGETE B RBBEATH L, HX M
REMEERAR R TWAALR, ACEIHEENRNLRARNHE EXEHR
T I A 0178mm [ R BARE % 4 S 2R 1 V4 S 400 BE A R 7 v AL
e, R A TGS R RO T EE IR KIE.

22 FWIRERTTE

221 TELRFEREZH

(1) HEREMERTE, W 2.1 57w,
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RiLRFELRI %2 % AREERKEMLS S S ARG

(2)ISP-200kW 2 FE A & iR, i 2.2 Fizx, &R IEA &k 200 kW
HIRETIER, i 10 kHz~50 kHz f# 53038 i

(3) AERIR BRRIRH k.

(4) FRABRBHKEMIERS RS REERREE.

(5) KATNEHRBEDY .

B 2.1 %I&ﬁﬁﬁﬂﬁ%ﬂl E
Fig. 2.1 Schematic of electromagnetic soﬁ-contact continuous castmg platform

2.2 ISP-200kW £ B @ F AL R & &
Fig. 2.2 Photo of high frequency electric power unit
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FINFE LR %2 % ARKR KGR S NSRBI

2.2.2 BEIER 7 5k R MR L B R A E

AL KRN 2 RN IR TR R T E A2 Rk
5 B 16 _E AR N SR -
B =E/(4.44f-W-S) (2-1

Hrp:
E WIS (V) fARESHE (Hz) ; W APMEEKNEE: S /Mg
BRERER (m?) .

fER /NG R B W i A AT AT, ™7 DU B R R B0 2 B8 = B g B i
) AT A T R L 58 T 7 A PV R E B o G SR BT AR T RN SR Bt e % T 6 i) i 2
SRR, 0 A T LR P (R R (LR % R b R B B AT ARy, AR TR
F:

2 ¢ 2NS ¢

?fedt=— . [2a8, (2-2)
UL L P B R B T 3B

E,.=4/NSB,, (2-3)

K f AR SRR RE; B, hHENREMRAE. t EXTUR

.
E
B = aver -
o 44NS (2-4)

ERSMAL RS, NEREFRRENMLEEAMRL. #3 0178mm T
WA R R RE A RBT R, I UIAE 0L B HHE R4 8k op O B iR
YRR, WE 23 () Fiws 00 FAE5Y1458 100mmx100mm J7 5 ALK
BEHREGRTE, HRERNKSEWAERO, ROMATIE, Ko BESMT
B, KAMAXTITIEE. KRR U3 38 0k p ORI 7 R 45 as F T AE A IR A
W 2.3 (b) BiR; 4EoEAI404% 213mmx8Smm % 40 B Sk Al HE 4 4 i 8
ME, HERIAFEHAR. VAEEMIZE. V4% N2 BEH.O6
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Table 2.1 Experiment parameters

TiH HiE
ZRBNR, mm o178
e 75 B [T 250 5
ERBREAE, mm 780
SmAREEE, mm 13
WHESINE,, kHz 30
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FALRERE LRI B2 % AR DB S AR

gamREEH 24/32
GEMYIE%E, mm 0.3/0.5
ZEBVEKKE, mm 100/130/160
LEAE, mm 90
£BNE, mm 220
KAPFRERAIR S, mm $175X300
LB Dimn 4 R O E, mm 50
KANERBEY T4 R O3S, mm 95
AERFHRRT, mm 800X 800X 4
HIEIIE, kW 50/90/150

® 22 BREMSIATESHRERET

Table 2.2 Parameters of the measurement apparatus

TiH ¥E
ZiRBENRZ, mm 213x85
. ; 5M; A% 160mmx288mm;
Vs 2 1. S0mm
- 4p%: ®3 mm
KU NEESH B 25
X A% 183mmx55mm;
PNEREH Y B H S 300mm
. 250kW/18.4kHz,
S 250kW/24.7kHz, 250kW/40.7kHz
# 23 HRUHWATFES B R TR
Table 2.3 Parameters of the measurement apparatus
Eg s B8
ZRHBABERT, mn 100x100
B, kHz 25
GimBnmu 19
ZE%EE, mm 400
MR E (n) 5
FRBYIEEE, mm 0.5
ZRBYEKE, mm 400
ZBFRE, mm 92
WHEIE (P) , kW 11.2; 378; 64.6
KOEAFENABZRT, mm 76x76x250
BERHZHERE, mm 15
SR P8 R PR A 2% EVSHERS, mm 53
By L1 /4% B E LR AR, mm -34; 0; 36

AAAHKE, m'h 5.9545
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Fig. 2.42.Effect of width of slit on the magnetic field in the mold
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Fig. 2.43.Effect of width of slit on the magnetic field on slit and segment
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Fig.2.44 Influence of sit; on the magnetic field and meniscus
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Fig.2.45 Influence of slit;on the magnetic field along casting direction
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Fig. 2.46.Effect of length of slit on the magnetic field in the mold
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Fig.2.48 Influence of length of stit on the effective acting region of magnetic field
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& 2.5 PrkI—GHBE A A ERGEKZ . FTLEY, S8 TA
FISSHILE G a8 TS, W A BAE RIVE B B/ME A 0.01T I, YIRS S H
BAEREE R, VISEKEREMEX; b EBEREE MM
WK, V125 H YIS KRR AR B A IS 45 AR RS B AUE R E R M
BHEE, HRVREENS, HEWERRERE. BERE, MANENIE
JHGEBE IR, I2RE, TEKEMHMmEA.

R 2.5 GHSEABAERAERTEERZ

Table 2.5 Influence of structure parameters of mold on the effective range of magnetic field

s A REREE X E  (mm)

RN (0.01T) (0.02T) (0.03T) (0.04T)
Slit;=24 94. 6642 51.2262 33.8029 0
Slit,=32 95.0092 63.4306 46.0073 33

Slit,=0.3 mm 111.0808 61.6902 45.3868 23.8441
Slit,=0.5 mm 92.9226 58.9905 46.0807 33.4559
Slit=100 mm 78.06 46.83 21.76 0
Slit=130 mm 123.23 81.66 56.45 35.58
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(3) DRFR BB A5 2 5 8 R BB K -
(4) RAFBREBIRE.
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RS AERERERTEEEEREE. SRE, HENEMBOLMALENH.
FrBRR L RIB7E LR R IEHE AT Wood alloy HIE IR K Z G HA BAZIBRAE
B, BRZEZARAER, ZATRRRTUSEE LR, BEWRTUHES AR
FERE . FrBREERIENE R RABZRUAER THRSHARESRET, B8
WAGSHER LHRERHAE SRS ERMHE L, w31 P, WREEA
BRI TR AHERELTT, EREETE, ALRRANRREEMTIE,

RN A T RERTE, MiZREMEHFEERENSE: AT HEIRERMELHE
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FILRFR LR W3 X TR ABTEMERBNEATHERSR

FRHERYHES B ESWBAR, AERRA Po-Sn-Bi KA m& SRBHUM, RIKIH
FETBINTEN SN REFERNYM. 2 Bi T RE 48%UTHE&EREH,
HRLKS: 4 Bi MEERE 48%E SS%Z AN, 4eRENARELSE; 5 Bi
HKIERBRT S5%IMN, ALRENFRPEK. MEREGEPHLR 3.1, KRV
RESAGEMHESHINEBRR 3.2, HREARMN LK 3.3. HTRRAFREE
WHREMLRBNE, KEABMNRAFELHWR 2.1~23 Fin. BATRMAENE
BHESMERAEAR, FLE 23 FiR.

Clip

Metal :‘:V e ‘_/,/_ ...... §
%  Molten allo
Mol ik y

E3.1 B AEMAREE
Fig. 3.1 Schematic of meniscus testing

3.1 KBELEEUNSH
Table 3.1 Physical properties of low-melting alloy

LRe% 2 Pb Sn Bi
%, C 327 232 271
#AE, kg/m’ 10.51 6.843 10.03
HiBE, Paes 0212 0.138 0.028
#iM A, dyn/em 468 530 378
S¥i 207.2 118.7 109
RESH 32 16 52
PR 4+ 28.6 25.1 46.3

# 32 REBAASANMBNYILE SR LB
Table 32The parameters of molten steel and low-melting alloy

YESH BHEREE W8
#E, kgm’ 9500 7300
HEEK, S/m 1.11x10° 0.7x10°

B, C 94 1500
HIXTH % 1 1
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R R#FHE LR ¥IE FEBR BHREMLERBAT A ERIEAR

#33 KARAL4RRS
Table 3.3 The element of low-melting alloy

Pb Sn Bi
32% 16% 52%
33 R EITie
331 SHEEBAEAHLEREE O

ﬁﬁiﬁ%%ﬁ%&ﬁ%&tﬁﬁﬁ@iﬂéﬁ& MERRS AEMATEAR, FLh
HESEREAGREN, FRAGREBRERES.

IBLIERBAFRAMLNENEATHR

ol L

B 32 Ar=0mm BIEIIEN 64.6kW 15 HH
Fig. 3.2 Meniscus configuration
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g SR EE EARRPIAL 1. 2. 4. 5. 7. S LB BEEANEERIE 3.3 iR,

SRHRE ARSRILR A 34 FiR.

WUEN, HRREKEMERSRRAS ATRVRF A RESLE
MHERIZA R BEZ A B AP0, B ATRER: SHRFEBENTEHRAR,
NERNFERAFOAN S, ZHARCEREARR, X8 FHRARKEMERERED
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Fig. 3.8 The meniscus shape and height on point 4 with different Ak
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Fig. 3.11 Influence of electric power on meniscus configuration of point 4
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Fig.3.19 The comparison of shapes of meniscus with differentA% on 2 site

- N W & O

Kit ¥ ¢ SN RN ¢

320 MRHLE 2 ARFTHES ARMRI LR
(f=24.7kHz » P=1T2kW, hcoi =50mm)
Fig.3.20 Meniscus shapes with different input power on 2 site

71~



RIEXFEM LR HIK TREARUABMARBAT AEHIEAR

3323 RBHENEAEERAENER

321 LThEMmN, RS RE A RE P OB ATENERRIL. hETa, A
H R EEERRDRMEATIER, i, BRESNERRARLFANEERE, §
FTRERERRNER; ERN, BEASEIME, WeRhELX, il TR
RBESBAF RN IERENE, B 3.22 XN THE AERSR .

sl
8
E
% ol
0
Q
< T —8— 40kW
33 —0— 55.5kW
é —A— 116.6kW
D .6
2
9
_12 [ o | o £ " 1 " ] N 1
0 4 8 12 18 20

, Distance from mold inner wall , mm
B 321 AR | RAFTRS AEHRILE
(£=12kHz, hey =55mm, Ah=0mm)
Fig.3.21 The meniscus shapes with different input power on 1 site
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Fig.3.25 The meniscus height with different input power
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(5) K HE%E (NiCr-NiSi) #if.,

(6) MWI100 BEREZRS, WA 4.2 FiR.
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Fig. 4.1 Schematic of segment of mold and location of thermal couples
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Fig. 4.2 Schematic of collections of temperature
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M H K BS% (NICr-NiSi) HAfBSILN; X4 R asii B Rl Rt BUB 4 &
B K BB (NICr-NiSi) #HEsRSTIUN. e WA B & 2 7] 14
BN, RETLESBRG, FH AR RN T, b7 4 5B PAT
FiFIBNE N, (L BB 3~6%, KEA I R 4 S AR R I 2 7 [ b A 407K
HrsER, FTLLSC P R R 4 SR B T R B A o SRR b RIS U S A
ERAEA L, Fl—W s E RIS, i —ENE, T ARESA
RSB R RN . RS RS EARRE B MR, BIEHL: B S
FAF RS, RESRERRE (41 R HZEN SR, A0S H
RHWE 4.1 B, |
q=MT-T,)/Ar (4-1)

Rep: VHAFNSHER (Wm'C) ;

T iR A E A EATERE (C)

To AR EHABTERE (C) ;

Ar JEAE SEA T HAE B RE (m)

4.1 RS AR

Table 4.1 Coefficient of copper thermal conductivity
BE, C 0 100
BMEH, WmC 386 379

LRI T, ARERSREPORENEEMEERA T, BAHR
MR B AE % 4 BRI R A MR A HRE, M REEFHRN—4K
W&, LD —AKEHEN 59 m h, BT WAREN 0295 m*h. FH, Eidx
4 BRAHKE TR B R E R R B F T R P 4 RBAHKERR
R, SMHBKEMEFETLAEEENHRSEL. SRIBOESHWE 4.2 Fik:

%42 LRIEESH

Table 4.2 Electric parameters of experiment

ER AN gmBRE RS Th B ISR
L ARz 0. 9. 168, 48kW. 25kHz
A w3h
A 0. 8 30. 45. 60kW. 25kHz

#&zh (30cpm, 12mm)

HELRER, LREEMPIBUEIBFRE, NGRS, HET BinR
FEILEAE S, WERBAMBREHETRE, H&SREEFBIFEEN, LRI
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(e) P=16.8kW (f) P=48kW
43 RERFSHE
Fig. 4.2 The schematic of billet strand
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6, FINHMRESS, SR 60s 5, HRBASERE, LRER; SIEXRAE,
HEeWEAR ERRE X EFRER, FHKR, KEEASGRENASREMRH
ZRBNEENAERE -8, NS HESRBTLATHIRE, FLBRHLE 60s
JG, BIEEEIEAN, BULBERFRF2NEE. ERSTREES, HPHERTHHES
WA GRS IPE DL

4.3 BELEIEM S RS N RIBR S B EE A A
4.3.1 BRI ERMIFFHEHHOF N

AR FRE R A T IGA A & GBS 43 Fm. B R RS
B, BEMEHEERT (E 43 () R , MARASHRT RENEE, H#AH
MRS 1R BB AT, KA B, 55 AN H
HEASE, T2 bR 20mm 26 AR EENR M, REREIER
BAERI: RH TR AA SIH RS TR AR, 2R R R T8
BRRER, T E R T 20mm 24 B IR A A SNHAKE, BRIESEE:
TAELE 38 T 3, T4 B3 K P, SR LRV R TR 8 K . 24 ML Okw
B CE 43 () FiR) , [URSASTURT Ay SIIOMEBER, 485 BIE
F R SR B R B AR, 45 R UILEAL A A b O At 5 A 9
MR SRHME R, &4 m I RE o R R 7 1] R A
EG; AT A3 R EAERRA T U8 A A& H RIS RN <%
HHER, MR TLEBMEEFTRR. DHREHEN 16.8kW B (WK 4.3 () Fr
), EARAESHRMEEEmYY, FABEEN, MEMWE 43 (o) ALIES,
ASRMEBEEECARRT EIER, 4R BNSM0EANEE AT RENTLE
B, 7650 SRR A B BB AR RRIE A 3R T A AL 3 A 45 8538 P AR
F&4, AW TRBOAEA, REEMOA M IRBMBEREL, LRSE
RIRALL, ZEIAERIB MREAHR, RRFERER (B FROEERE. X
AUETIR A 48kW I (T 43 () FIR) , IMEHE A VIR E 314 R
M0, WENAESEEE 02mm k4, KN ESREEHTEES, SRHTE
R BB BRI S A S AR B2 AN i B EL A . 7T
D, WEERFMIBEDR, EEREN, BAAASHTERREE, ANASH
ST A 0 B R A & B AR R, DSOA R T S M A FBRME.
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4.3.2 RIRThE N1 thin FE FLS & 2%0% KR B e

ARBENEZETRE S A SRET A ENE 43 Por. HETM: R
Hipn (N 44 () FR) , BHTEENEBBAHKMEESESOAHER, &
AR A MR RLIAR 8 S 0IRFERERT (8] 2 TR M4 R IR AT 10s Y BL, &t
BREUEAMEEREDE TR MEREZLETYE. XEERHTFEXRFGE
i1 10s W ESM—RKZEBERK, RABRKMSHARF N, SBTAERIEET
Bt REERERNRE, SANREHRE, SLWTRETHETE. L5Mnh
RINE K 9kW 1 16.8kW B (W& 4.4 (b) M 4.4 (¢) ) FiR, AE&REREE B TREE
B5E 44 () MAREHNAK; KB TINARREZER/DR, LS AR E I
LA ERERTRE. 25MNARRTZM KT 48kW B (E 4.3 () FiR) , KBHiEE
ELTLRIFMHI 10s AN TG, ELBETHIMRF: RIS 4 &
HABZTLHETASRENTRE: AbEENAR, ERTRESESHER, X
5B 43 (d) BRAMNERNAYE. ZNRFTSEN T BBKEMERFIRES, SREYD
EMRF—EBMER, BT HRRNT 4 AR AN, RN R85
RA SRR, 3O RIERTY X BURH AN E 6 BRI S H) R B AR A&

AFRERIEZ M T4 AR HKRERAMEWE 4.5 Fn. BT, AR
HEZN (B 4.5 (a) i) » SESAHKE TREEESSENHEmSIETH
BERAS, BEREAGSNEE, URBNEGE—4RERHKERAREERR
DLHIRAL, 45 B 2% v HIKTEBU TS N I 3h 4NN FBVR T2 4 9kW 1 16.8kW B (4
B 4.5 (b) 45 (e) fim) , HTMITHETIR TG S &S M4 RBETANIER,
HERBAHKOEERE T E, LR PIEEER/MOEENETRS; %5
IThER KB 48kW B (W 4.5 (D Fin) , KBRS RBZH TRRETN
MIER, &RBAHKEEEHTE, HIEN SRR, X5 T HA SR b
WS, ERAHZEERT, FRBAHK (—AK) KEELFLRAMLREE, %
B2 E WA HKR BN RBR R R RRCR. B, ZELFmER L R B
REMBEARNTIALERS, N EEREBERN, S RBZAHKER AN
BIEMRNETMX,
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REOTTEM B, & SMEERR, BHRBRORIMERZY, %RE0REBERAN
TREE. BEaSMREZME, URESEBRE, AR TR/, B
BRECBN T MAMILhERN okW I (I 4.6 (b) FiR) , YISRLE LB RS
WAL B R BE TRt IREUINE 7, VIR0 B RIS, AN G SRR R R I i) 52
TRER: SRR AT 16.8kW B (WE 4.6 (c) Frr) » » MM,
GBI TTAR Tt R VR B R O P S A b 1B O P LU A IR FE B I T 32
RARBKRER,; LEENERKD 8kW K (WK 4.6 (&) FiR) , , &R mEeE
BER AR —F b, REERMTRNNELREES—EHHTERE,
EHREF2THEAS, FNEEREDRNBR, BTHESROMN, HEE
WAER, Bt ZRBEERTHENAH.

AN FRIR S R % AF T 45 4 SR AR RE BN TRV A AR S P 4.7 Fvm 24 7R M o i et
(B 4.7 (a) Frs) » FESRATAT 40s LA, PISEALAA AR OAL B8 B Bk A
RTREHE, BUELMARFROELMMET O THOER. ELRF 30s,
RARMEET PR, MiIRLR S BP0 OE R EEANR, Bl EHRRHng
HEEG. EREMAZMEEEER B TELROTFENE, 440EERE, 1F
BoamAMERS) ), R BIRE R F RN THEE, W T RRARE thig
X, BEGESHRERYEE, URESREOMRIE, LAEMEERIRD, BEHLR
MR, RAAHETFE, DS MhR N okW K, WE 4.7 (b) FiR, S&EEY
RO BN RRERT AL BT, FAIRREN B R LHEES &
) 16.8kW i, S/NDYENGHAR], Bhi o RaR i B REN o) FF A8 Bk, M iE
UhEKE] 48kW B, SIARAL B H MR ISR B IR K, 455 M BER i £
KGR, XEETHEREROEK, 74 5SATAREEE S S &ML
RHARHIEK, ERNEH—EHBRT, & HSAMHH 4R HHREE THE,
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