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Effect of Composition of Slag on Heat Transfer
Characteristics in Electroslag Remelting Process

Tatsuhiko KusamicHI, Teruo IsH1t, Toshio ONOYE, and Kiichi NARITA

Synopsis:

Temperature distribution in slag bath and heat transfer rate to cooling water at various interfaces were
investigated on 80 mm¢ ESR furnace. Effective thermal conductivity of slag crust was also measured.
Ca0-ALO,-CaF, slags were used in these experiments. Effects of heat transfer characteristics on melting
rate and the shape of metal bath are discussed.

The results obtained are as follows:

(1) Overall heat transfer coefficient of the interface region between slag bath and cooling water in ESR
and effective thermal conductivity of CaO-Al,O, are 0.014 cal/cm?.s-deg and 2.2 x 10—2 cal/cms-deg,
respectively, and they both increase with the increase in CaF, content.

(2) In case of oxide-base slag, temperature in slag bath gradually decreases in radical directions, but
in fluoride-base one, it doesn’t change so much to the vicinity of slag crust.

(3) The temperature gradient in slag crust of CaO-Al,O; slag is very steep. However, it becomes
gentle and the temperature gap at the slag crust-mold wall interface increases with the increase in CaF,
content.

(4) The shape of metal bath differs according to slag composition. Its depth depends on the tem—
perature of slag bath. On the other hand, the height of the cylindrical part of metal bath is related to

Tt

the heat transfer rate across the slag bath—metal bath interface.
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Fig. 1. Mold and arrangement of thermocouples
for measuring heat flow in ESR.
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Fig. 2. Experimental apparatus for measuring
effective thermal conductivity of slag
crust.

WCRAREBER LOENEHZHEL, =— ML -
T X DA L. ARBEERENO 2 5 BN T
BVERIOMEHOTr o 2 V-7 V4 L ¥ FI-=
VAR VEVEBBENICLIY, T, SEINEEOEE I
BHHREOBE LT -2 v A& vx vBENERR L
THEL, A9 Z7ZOBENFAERE T D 28 X0 10mm
DRIBTE v AT V- =2 A (W5%Re/W26%Re)
BBEBRC X D PIE L.
EENIETAS IRENL, AT ZBIITEDRER
FELickE, B CORBEILTHICA TS ZBCRE
THREBCIFALT, GHKERELZMEL, “hi
ZRFEEE TS, RCEEY A 5 7Bk 30mm &
ATD. ZOBE, WHOLA DB DT, ZhiHE
LUREEIYERR 30mm fFL, @fEH ook
EN—E LI D b, KIS L OSHE -2 5 7 BH O A
5 VR OBE R X OSEIMNEDRE RBE L. 785,
S RERIEC I 5 A 5 279 OB A ORE G
+5°CHTFEis Lo hr BB LE.
R A5 Z7FCBE LLER, KRS EHT
B0 BARKEIMETL, & 50s T—EDRE &z
D, EERECETS. CHLBER, BER S 78N
FEEBRCERIND & ESCRABRENFD L, 28
TEHHIKOEHGET EF b OREE BE L, —&
DAY IREICIY, BWEFERECET LD TH
HEFEZDNS.

EEREEIT I\ T, A T 71 -H18 A HIKRE O R BGE

T T
\ Slag /i
- -
© N\ crust -
— ht | keu ‘|:1_3
g
_g’a i molten
%% 3 : slag
32 :
n N
2 | -
0 no Ts2 3 r{cm)
@ Position of temperature
measurement
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Table 1. Chemical composition of the slag used.
Chemical composition (wt2) Liquidus temp. (°C)
Slag

CaO Al,O4 CaF, * *%
Ca0-ALO, 50 50 — 1 360 1 400
CaO-Al,0,-CaF, 40 17 43 1193 1220
(Ca0-Al1,04)-25CaF, 37.5 37.5 25 1 460 1 470
(Ca0-Al,04)-50CaF, 25 25 50 1 405 1410
(Ca0-A1,0,)-75CaF, 12.5 12.5 75 1390 1405
(Ca0-A1,0,)-90CaF, 5 5 90 1380 1340
CaF, — — 100 1493 1380

* From phase diagram!3’ ** Measured by DTA
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Fig. 6. Typical transitional changes of the tem-
perature of mold and cooling water at
various positions during remelting.
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Fig. 7 _Effect of slag composition on the temper-
ature distributions of mold cooling water.

Table 2. Melting condition and heat transfer rate.

(CaO-ALO;) | (Ca0-ALO,) | (Ca0-ALO,) | (CaO-ALO,)
Salg CaO-ALOs | “Zoscap? ' | J50CaF. = | -75CaF. = | -25CaF, =
gog Current, I (A) 884 934 1293 1512 1154
g Voltage, - E(V) 26.4 25.9 - 27.5 28.2 28.7
S8 Melting rate (g/s) 5.9 5.9 5.8 6.0 7.0
Gex L 5 780 8 500 10 190 7920
Q
g qi-w 1 600 1 430 1230 1270 1 450
B Im-w 830 1100 1 800 2130 1410
a2 Gomw 2 200 2330 4 180 5120 3 940
58 Grad-w 370 610 860 1 280 750
jarg e
3 Gb—w 300 280 300 300 330
2 gs—m* 2730 2810 3330 3700 3 190

* qs—ln:qi—w+4m-w+qb-w
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Table 3. Overall heat transfer coefficient.

Melting rate Overall heat transfer coef. (cal/cm?.s.deg)
Slag (g/s) Metal-bath Ingot bottom
Slag bath-Water “Water Ingot-Water “Water

Cal-Al,O4 5.9 0.014 0.015

(Ca0-AlO,)-25CaF 5.9 0.014 0.018 -~

(CaO-ALO;)-50CaF. 5.8 0.026 0.019 0.003~0.005 | 0.01~0.02
(CaO-Al,O4)-75CaF, 6.0 0.031 0.022

(Ca0-Al,0,)-25CaF, 7.0 0.023 0.019
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Ui_w=qi —w/2rre2i (Ty—T%) ceoeverereeenn (8)
Ub-w=qb_w/T72(Tiy— Twpy) ++=-oereee-(9)
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4 3
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Fig. 8. Effect of slag composition on the heat
balance in remelting at steady state by

80mm¢ ESR furnace (Melting rate :
5.8-6.0g/s).
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Table 4. Thermal resistances at various interfaces and regions between slag bath

and cooling water.

(s-deg/cal)

Thermal resis- i
! Slag bath Slag crust . Cu pipe
an Total “Slag crust Slag crust “Cu pipe Cu pipe “Water
35-4 4.6 28.5 0.7 0.01 2.2
a0-A10s (13) (79) (2) (=0) (6)
(CaO-ALOy) 30.3 3.6 14.3 10.9 0.01 1.7
-50CaF, (12) (46) (36) (=0) (6)
21.7 2.9 5.4 12.0 0.01 1.3
CaF, (13) (25) (56) (=0) (6)

Note : Figures in parenthesis mean the proportion of heat resistance at each part to total heat resistance (%)

temperature

C at g, and rs,
r in slag crust
: 750°C
50+ 685  ~1220°C
640 ~1220
L 610 1190

51%103 ~115
3.0t 20

Effective thermal conductivity
ks »10(cal/cm-sec-deg)

lag :
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Fig.
ductivity of slag crust on temperature.

' —o— ks
-—e—= Un

[ temp.of slag bath
1600 °C

o

Overall heat transfer coeff.

A U

ks =107 (cal/cmsec-deg)
Ur2«10% cal/crfsec-deg)

Effective thermal conductivity

T o 25 50 75 100
Ca0-A1,0,(50/50)

CafF, content (%)

CaF,

._.
e

Effect of slag composition on effective
thermal conductivity of slag crust and
overall heat-transfer coefficient.

1600°C 1600°C
i 7
2crusl ," crust ’/

Fig.

1600°C
crust //

1380
°1320

T(*C)
T(°C)

1400 1410

1270
7 1210
850

molten

slag

T(°C)
AR NRNRNRNN

molten

molten
slag 670

slag

water
water

Z 460
140
A0 2;)" "2 5 C s
Z 54

0 r 4] T 0 r
Ca0-AL,0,(50/50) CaO-Al0,-Caf; (25/25/50) Caf,

Fig. 11

water

]

2

=

Effect of slag composition on the tem-
perature gradient between slag bath and
cooling water.

EE HROCBERNE 2R T E Fig. 11 0&FBHTH
n, ks DREV AT ZGE AT ZRADREAR A
X, PBE-A T FBRAECK T HREENKRE SRS,

CaF, 04, * 9 VR-GIEEERICK ZIREZEI RO

bhna, Zhit CaF, W7 MitcHELL 5¥ Dff
Bl —F L5, CO-ALO; R \WTIEAT
RTOREAEIKEL, BEEZO/NIWZ E2RERT
»5.

ASEBR TR D 1B BHEMRE IR T 5 R REC O
T, REGEE ¢ OMNBRENIKIZ H Y, TOMOUE
HAENBEEIOHEREY +1mm, BEHEHEEY
+5°C, AIEMEBEOHREEAY +0.5mm L REDLD &,
SAEtIRET 20~25% LisB. D5 BbA T SIROR
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Fig. 12. Temperature distributions in slag bath.
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BB ETAS ZBNEER EE— L1y, JIL5Y
D CaF,-Al,0, B2 5 713515 ISR R L Ao ma
AT LT, CaO-ALO, =3 7 TlLA 5 735
BB T7 v bWEAT 7L 0 A ERVWEEYRT. &
N7 bR AT T DR 5D A5 ZDRENPNEL,
FLEKEIANES LW, F—MEEE Y 2 5 oD
BERBABNIRE D, A5 VIBOIREEE K &

{799, 25 ZIHERORENB L LT WD TH
LEELZDRS.

e RAER TR, A7 7VBREY BE-5HEE OP-,
BX1/2 DfE CTHIE LT\ 52, BROBEEESY S
Bl % BARA B OMEE & D% 5 K& Te ik in .

WIE 5, ESR IR WTIEA 5 27T EN S
25 FEOE XL 1750~1800°C =5\ +C 0.5~2 mm
BEThH, A7 7ROBEARYEENET S L1
WEETHD. Lichi 20 RlER O R 5 7 IG-658 I A
KEOEEBGEE, 7 7ERE, A7 7REIE JUH]
FERTRDIA T IROEHBERRLT, 27
FR-HRAHAKEOBRERE, A5 7-27 7&HEO
RBYRHL hg(cal/cm?-s-deg) 35 X OFFAVEE- HIK [ D
RERIL hy(cal/cm?-s-deg) & RD IR LR T & Fig.
1I3DLEDTHD. kit CaF, B & &8T5,
CHIEAS PROREEENKREL D LI LT
W ET by BELRGBEORD » LR E S b REYR
$¥ (h;=0.001 cal/cm?2-s-deg) X D iXBMNK X3,
ZHIEA T IR KO A 2 VB YT 5 SRR o g E B
BHIAKPIZE LOKEOREVRED RS 2 Enb, 8
BB HKEDIEBILREY BB ERATH DI L Ex
bha. A7 7B-LHKEO&RE B L O R OGS
Eyiaskdn L Table 5 DLk h TH5. B{LHWRA
5 7 TEA S FREBOBREEN S 1/2 L B2 5o Tw
B 7 (bR AT 7Tl A T 7BR-SRI OREXEN
K& ey, ZoHHOREIEIIC D 5 E&HHEX
THEBCHS. COREERIAS VR EEBEREEL OF
CREECEBCBER L TR Y, 7 LWRAT 7/ TILE
RIS # 3s J OVEA D B AR IS A3 K & I8 1o 0b ZERR A FABL
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Fig. 13. Effect of slag composition on the temper-
ature gradient between slag bath and
cooling water, overall heat transfer coef-
ficient Ug.w, and heat transfer coefficients
at slag bath-slag crust, k,;, and at mold-
cooling water, h,.

LT, BRIEHAAS 5 2 BB CHES R
5.
EWHBFINCE UL, gox WHT5 ¢s_w DEIG%
J EBLE ¢sow & f O (10) KOBFR AL
T5.
9s_w=JGex
=2”rozsUs_w(Tsl_ Tw) (1())
WolE S, BROBEERE V(g/s) XBHAHEA S 7k
REWCHAIT 5239, RERTIEBRO X 5 WWEBKE
I BOWEGHEIL/NE DT, A5 ZIG-ERAEC T
LEBEIGHELZBE V & Ty OBFRIZ (1) Ric X
hEIRS.
V(Hpp—Hgr) =hs_ oS (Tg— Tinp) -+ (11)
T T Hyp—Hyr BEMEEY 72D OB O@fgc
BT HEE (cal/g), hs_o 13 AT 7 IE-BIEIEEYREL
(cal/cm?-s-deg), S (L BAR-A 5 78 FHERE (cm?), Ty
BB ORE (°C) THB. 2,3 A5 IR IOHC
DNT (1) R X b hs_o ZRDSB L 0.39~0.48 cal/
cm?-s-deg BE LD, ¥, BAEBEAM P(W-s/g) 11

Table 5. Thermal resistances at various interfaces and regions between slag bath and

cooling water in ESR. (s-deg/cal)

Thermal resist— :
Slag bath Slag crust
}ag w Total “Slag crust Slag crust “Mold Mold Mold-Water
0.81 0.19 0.48 0.09 0.007 0.04
Ca0-AL0x (23) (59) (11) (1) (5)
(CaO-AL,0,) 0.43 0.09 0.21 0.10 0.007 0.02
-50 CaF, @1 (49) (23) (2) (5)

Note : Figures in parenthesis mean the proportion of heat resistance at each part to total heat resistance (%)

— 55 —



1648 & X W

% 66 4 (1980) 123

RUfRERE L 25 75~ OB AB I AR TEX,
@), (10) :xot (1) RuRATS & (13) RiEkesb.

P= Us_w(Ty—Ty) . (Hmp—Hgr) 277025
hs—oS(Ts1— Tmp) 0.239f7

360 mm¢ ESR {Fizs\ T, Ca0-AlL0, % L0t (CaO-
ALO,)-50CaF, =35 7%\ T BfEE T oG R0
I3 &, BARKEMT ThZh 1.32kWh/kg &I
1.66kWh/kg Th 5. 2T 5, AERTz LR
Us_ws bs_e BIO S 23D F ¥ REF L EHCTES
EERELT (13) A b ENREEMCERD D L, CaO-

ALO; %X 08 (CaO-Al04)-50CaF, 2 5 /ico\TH

hZh 1.04kWh/kg 35X 0% 1.47 kWh/kg Lic 5.
(13) Ko HRD B NEBEALITER OB NFE B X
TS, ZhiRAE ESR Pk bUs.w, f Is
EDEINEFE OBE LRI B tELbRS. X
T Ca0-ALO; 3 X8 (CaO-ALO;)-50CaF, =35 7
DBHCDONTENRENOY &5 &, EEFETO0.79
THHDOERL, (13) Rk s & 0.71 ThH v, 12Ex
LT W5, EEROESEFEBIIF DX & IPBELRMF
IOoTERDN, Pl EHBEEEIOA T FYORSH
BRI X BB TR REE & /NF o & & BT
bhHEEZLRS.
3.4 SHHRRYEIEHED

EEBLRED 2 2 MBIRCE L EGE S RD D, &
NETILD £ 2 VRTEIR L83 & M & DESRY, 4%
MABTEIR DIGBIRHT IO DO\ T Ie D DREF AT R T
WB. B2 X AVBROESETCEE LT, o
WTDBE, AT SB-A 2 VIEREOREIZ—RETH
BELTERYBLI TS, 7 (R RT VDB
XA T 7 DIRESTHIE— I D REIR I A, BRL
WMARA T 7 DBECIIA T Z7IRNDRES b EET5
DERDS. -

fFEacDAT ZEACCRR LIS E& OMEERE, <5
7B A R AR REL B L TCOBRBEE ¢s-m &,
T TV VIEDLRDIEA ZAVBIRE 2p BXO 2 £
MBS E S 2m L OBMRERT L Fig. 4 DLk
Thb. Fig. 14a) WRLELIC 2p XA T 7 DB
MR B R 7  BURERE & & DN 5 OWRH Ly Zm
LR & BRI DO EN S D W LA TIL. W
g5, Fig. 14b) WWRL72X 35, 2p 1% gsom X
L—BHWCEEDLREVORK L, Zm X ¢s-m KHHAIT
%, O EZRERED L S gs_m 1IAF 7D CaF,
BridieRkE bz L, FF—REEETCIIAS

10F ao@ :Fluoride base slags
A0  :0xide base slags Zp
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Fig. 14. Relation between the depth of metal bath
and melting rate (a) and heat transfer
rate through the interface of slag bath-
metal bath (b).

ZHREIA S ZORSHERC X OFiER—THB =
EWhEL DL, p ILERE TR LOEHEDOA S 7 BHE
B b D A 2 VR~ DIRBGEECRIET 5 DK Ly 2m
EFRLEBRC T D A 5 SR EED B 2 2 VB~ DIEE
BECKRETAZEEZEBRLTVS. Thbb 7 o b
BAT 7DF S IR TR S B 1o, §T
BECRTD 2 2 VB ~DIRBEELKE L Tebh. KK
BRCE LIRS Z7OEYEEE 2 2 VIBHIR ORI
690 mm¢ KHl ESR TR I 70K OHEYH
RICHARBWDOERERE ISHHIE LTS, SRBIZ
A ZNBBIRE A F 7 DESHEBLOBIRICOWT, Bk
MBEAG 70 7 AR AZ 7 X A5 7B ECT
B, HBR~OEBEENKEL I, 2 2 VIBFRERS
INER T8 % EHEE LTV B A, AERERC XL, B
{EPRA T 713 AT VBEHEDOAS ZIBEB» LD 2 &
B~ DIBEEER /NI I, 2 2 VRPN E
(B EEZXBIFTINELETHS.

A 2 AR E R CIRERTE ORI, —BT 2 & zm
DOBZEIC LY EED. BIEWMRAT 7Tk 2p XL
Zm AVPNE T, BEFIEOMEE AR E L b A%
AL, TV T4 DOEEFH %R T AP T 5 M
NI D. ERBILHAERS /T 7 »EWHRA
F FHARTUNICEBABR N TR EVEBRENE b
Btedh, L EHMEREICE L CASHEENKE e
5. LIeh o CHMERT oOREHMMOBEE,AER S
nde— A8k S ERTH B, HREERXEDO—D
THDH 2EIUL, AT IBROBEECHE S B oML X
DRETD S VbR TR )W, S LR & ORI
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B X Db HEE, Ttk 2 R & BT R
BIE T HROBEWE, » 2 VBFAEHAKE W ERE
DR, LIeiDTC, 20X 5 eBa T bB{bWRERA
S5 7DD EFTHS.

4. 5

ESR kT % =7 /- S-BAEOERAXEICE
XEF A5 70 ROHERD FEY P b T 570D,
Ca0-Al,0; ¥ X8 CaO-Al0,-CaF, %A 5 7% H\
TERET, HHEAORENMR L OB EIK~ OIRE
WD IED D BOBENRE 5 X O RERBUREZ R
», LREBRGEBCEELYELDAT JROB
BB E IR JIE LT,

FOEREBELTHLERDEBDTHSD.

(1) ZBHEMBINC R T BEHEKR~DEBRBEGEEL, A
S FIREES DOEENE DL RE L, BEMEAT
7T AR T ST B REGRE 0K 40%, 7 v bR
AT ZTIHIRIE 50% wwET .

(2) =3 7 B-85RNGHIKE © BIEEERE T
0.014~0.03 cal/cm?-s-deg FREETH D, A T 7 DEHHH
B X BEENRKELOER L, £ & LI PR -5 P
LHIKE OBIBEEERRIC S JIT A 5 7o HEE O
BEINEL, WThOA T Z7IEB T HIiziE 0.02cal/
cm?-s-deg ‘Thb. *-EEHMR-FHINBEKEOR
BESFERTIh LX) LHRS L.

(3) =7 rROBYHERERY, CaO-ALO; 27
7T 2.2x10-3cal/cm-s-deg TH o, CaF, & &
DELIHEKRTS.

(4) AF 7¥B-2A 75 7BR-BE-SHKE o RESR
11, B{LMBRAT 7 CI3AT 7B TERHTH D, A
5 PBNIEEWTATHD. W2IE5, 7 ItWHEAS
IR A T P OREILA T FBEHE TIRIE—ETH
D, AT VBRAOEENEBELHTHDHN, AT VK-
%ﬁ@ﬁmtbk§VE§%%if5.Ltﬂof,%
{EMBAAT 7T A7 ZRch B8, ¥e7 o tWHR
AS TR AT 7RE LD A F SR-SFERMOEME
BIEH D TEREBIERE 0B,

(5) & @X>REEROE BB OBEEER
2 ZABOILRCE L TEERIEF R E L, Bty
ZAG IRERTAZ LI, BARERBMOEMNE I
MHENTESL E LD, KEBEBHOBREHORE
BEMAR 8D LNTES.
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