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Estimation of Effective and Specific Permeability in the Mushy Zone of
Steel Ingot by the Method of Seepage into Cylindrical Hole

Tadayoshi TAKAHASHI, Masayuki KUDOH, and Shin-ichi NAGAI

Synopsis :

The fluidity of the liquid in the solid-liquid coexisting zone of carbon steel was measured by the
seepage of interdendritic 11qu1d into a cylindrical hole formed in that zone. The effective permeability
K has been determined in relation to the fraction of solid fg and cooling rate R, and the speciffc
permeability & which depends on the dendrite morphology has been deduced from the effective
permeability to give,

logK“logO 10 Ro. 31+19 6 Ro. 3310g(1_f5> - (2)
log k=log 1.5x 108 R+20.3 Ro-35 Jog (1 —f5) - ereeneanns - (11

The fraction of solid at which dendrites begin to form networks is 0 29~O 30 depcndmg on the

cooling rate. The effective permeability is 6.3x 10-¢cm/s and the specific permeability is 6.0x10-*

Hunssannmng

cm2, On the other hand, the fraction of solid above which the liquid cannot flow through the dend-

rites decreases from 0.73 to 0.60 as the cooling rate increases from 0.033 to 0.15°C/s.
effective and specific permeability become constant,
although the fraction of solid is changed by the cooling rate.
permeability is mainly controlled by the specific permeability.

The values of

1.6x10-% cm/s and 2.1x10-11cm?, respectively,

It has been shown that the effective
The fluidity of silicen-free steel which

contains 19, molybdenum is smaller than that of carbon steel.
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AR O/ A Table 1| wWRT, BMLBEILX v~
VIRTT D%, KBERE %S Fig. 1 (a) wiR3. PR 65
mm, FE 150mm ©7 43 5 5oFodRERICS b
MALDAE 1Tmm 52 Bmm o7 LB % BE
L, ZOECE-BWHEFBCEI AR T 5 700 L
ZRMLIAE Bmm 7 4 L BECEE ¥
TRHBE MR DI ETURT % 2 CORO BB B D
BWHORAREIIET S X5 CRBE L, +OBKS» HHik
LicHhZEFIBERIR ORI O P22 FIE LT, REtxr 5o
By P LTHEMRLL., OB OBE S X1 80
mm kg%, ABORENHS X OCBEHEEOREILS
DIFEED B 15 mm AT, BDIFER S 20mm |
FHECBE LT v HREZH A L 7 6-30 Pt-Rh
B TIT o1,

HBRTFHE LTk, BHREL 1540°C CREE,
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RIEFBEHR I, IEOEHRRETT LI FEY

Table 1. Chemical composition of steels used for

the experiment. (mass%)
Specimen C Si Mn P S Mo
A 0.86 0.32 0.41 0.010 0.010 —
B 0.84 0.26 0.37 0.018 0.023 1.05
C 0.84 — 0.39 0.031 0.032 1.08
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1 : Tungsten probe 2 : Pulling alumina pipe

3 : Thermocouples 4 : Tammann furnace

5 : Alumina crucible 6 : Solid-liguid coexisting zone
7 : Cylindrical hole 8 : Indicating lamp

9 : Leading wire 10 : Quartz pipe

11 : Insulating alumina pipe 12 : A-A’ cross section

Fig. 1. Experimental apparatus to estimate the
fluidity of the liquid in the solid-liquid coxisting
zone (a)and to measure the rising velocity of the
interdendritic liquid flowing into the hole(b).
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a hole was formed at the fraction of solid of (a)
0.37or (b) 0.69. Cooling rate is 0.033°C/s.
(x1.6x11/13)

— 80 —

-



M2 L ki X 2 R oo B E N O 2hiE @15 % &

i% @ Ol 625

Steel A
0033 Cs__ |

£, (em)

Fig. 2. Relation between the height, [, from the
bottom of the liquid flowing into a hole and the
time, ¢, after the formation of the hole at diffe-
rent fractions of solid, fg, for specimen A. Coo-
ling rate is 0.033°C/s.
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Fig. 3. Relation between the height, I, from the
bottom of the liquid flowing into a hole and the
time, ¢, after the formation of the hole at diffe-
rent fractions of solid, f;, for specimen A. Coo-
ling rate is 0.15°C/s.
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Fig. 4. Relation between the rising velocity, V,
of the liquid flowing into a hole and the frac-
tion of solid, f, at different cooling rate, R, for
specimen A.
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Photo. 2. Dendrite structure of specimen B obtained
at the cooling rate of (2) 0.033°C/s or (b)0.15°C/s.
The holes were formed at the fractions of solid of
0.43 or 0.48. (x1.6x11/13)
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LicAfD s o X b (Photo. 1 (a), (b))Fweieh, Mo
OFEIME BEAMSC BEY SIFELTW5I5K Rb
h5. Photo. 2(b) 3A4#BERE 0.15°C/s TZEILIE AR
DOEHERY 0.48 0 L X OREEMBTHS. ZOBED
ZZILEABD T v K514 b (d,=450 g) (1 (a) DRCRIEEH
MAETHHREBCE LTI MELTWLWS, ZDX5
Mo % ¥Ehn L7cEkt o BRI BmHREC BURTH
5.

Fig. 5 (2Bl BIL, w3 ilpE 0.033°C/s & 0.15
°C/s DM 3\ T E- I E LT L, Z2FLIBEUR:
OFE MR & 22 LS & 5 X ORERR & OPFRERL
fdDTHDH. AL FBRCEHERLGE L 185 E &2l
~DOWHEORETREEE I, FLBEEELKELS
5 EWREORIIIH S S.
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Fig. 5. Relation between the height, I, from the
bottom of the liquid flowing into a hole and the
time, ¢, at different fractions of solid, f;, for
specimen B. Cooling rates are 6.033 and 0.15°C/
s, respectively.

— 82 —



AREILEHECL5AOEREFERRNOENZEFHEK L ZBEDEMN 627

Photo, 3. Dendrite structure of specimen C after
a hole was formed at the fraction of solid of
0.42. Cooling rate is 0.033°C/s. (x2.9x11/13)
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Fig. 6. Relation between the height, I, from the
bottom of the liquid flowing into a hole and the
time, ¢, after the formation of the hole at diffe-
rent fractions of solid, f5, for specimen C. Coo-
ling rate is 0.033°C/s.
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Fig. 7. Comparison of the rising velocity for
specimens B and C and that for specimen A
at two cooling rates.
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T=[B(l)—B(3)/3—-B(5)/5]/[B(})]?
U=4[B(3)/3*+B(5)/51/[B(1)]*
W=16B(5) /75[B(1)]?
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log K =10g0.10R*#1 4 19.6R*-2log (1 —f5)

()X q2: BE q FOBER»S a0 BEPREED
BRFCOFEMEBRBEA TR LS. 2T 9 BXEM
& WAEDY & b BB T X B BEE B DK E R IR T H
D, & B2 @ BOF Yy FIA4 PR ELEREL TS
HFREET S X i, WO KR FE) T HE L IR
ThHH, EHLEEHROMMLACPRIF Y FZA O
HENSER L, WAHO A EEE & 7o b Il TH BN,
Q. B q BoEREMERZIGREOZ & < 0.29~0.30
THYH. BEEET L HTRIFE—ET, TDELEEDER)

-60 T | T |
Kq|-p atinteiiiedeiebieinieteinteinh Sad Sl
-55 —
~-50
<L
13
(&)
~.45
b4
o
£-40— —
Steel A
R,°C/s
-35— o Q033 —
a 0.05
Kagaj---4- o 0.10
-3.0 * 0.15 —]
25 L

-0 -02 -03 -04 -05 -06
log(t-fs)

Fig. 8. Relation between the effective permeability,
K, and the fraction of solid, f;, at different cooling
rate, R, for specimen A.
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Fig. 9. Comparison of the effective permeability,
K, for specimens B and C and that for specimen
A at different cooling rate, R.
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Fig. 10. Relation among the liquid density, p,
liquid viscosity, g, and the fraction of solid, f,
for specimens A, B and C.
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Fig. 11. Relation between the permeability, %,
and the fraction of solid, fs, at different coo-
ling rate, R, for specimen A.
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Fig. 12 , Comparison of the permeability, %, for
specimens B and C and that for specimen A at
different cooling rate, R.
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Fig. 13. Comparison of the permeability obtained
in this investigation and that in other investiga-
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