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The Effect of Fluid Flow on the Macrosegregation in Steel Ingot

Tadayoshi TARKAHASHI, Kiyoshi ICHIRAWA,

Masayuki Kupou, and Kouichi SHIMAHARA

Synopsis:
It is possible to show quantitatively the macrosegregation in steel ingot if the flow velocity of bulk
liquid during solidification can be obtained.
by applying the hydrodynamical method known as Taylor’s vortex flow to the solidification.

It is found that the flow velocity of bulk liquid 1s determined
Using this
method, the following relation is introduced,
U/V=75008,/(1—8)

where U is the flow velocity, V the solidification rate, and S, the fraction of solid depending on the washed
depth. The effective distribution coefficient, k, is theoretically deduced on the basis of the mass trans-
fer with turbulent mixing in the solidifying zone, which is composed of solid and liquid. It is expressed
as follows:

he=1= B (1K) (1= 5
where B is an experimental constant of 0-81 x 102, { the primary dendrite arm spacing, L the thickness
of the solidifying zone, and %, the equilibrium distribution coefficient. There is a limit for the degree
of washing against the solidifying zone because of the growing dendrite morphology, and the limiting
fraction of solid is about 0-67. Furthermore the relation among the deflection angle of dendrite, the

solidification rate, and the flow velocity of bulk liquid is obtained.
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Table 1. Chemical analyses of carbon steel used
for the experiments.
C Si Mn P S
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1 : Variable motor, 2 : Photodiode, 3 : Rotating plate,
4 : Light source, 5 : Digital counter, 6 : Pilobrock,
7 : Cooling pipe, 8: Socket, 9: Molten steel, 10:

Magnesia clinker, 11 : Coil cement, 12: High fre-
quency coil, 13 : Balance weight
Fig. 1. The experimental apparatus used for the

solidification with rotation of the liquid.
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Photo. l. Dendrite morphology of carbon steel
when the inner cylinder is not rotated.
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Fig. 2. Primary dendrite arm spacing as a func-
tion of distance from chill in rotational
ingots.
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Fig. 3. The solute concentration profiles of the
solid of Si, Mn, C, P and S in stationary
ingot.
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Photo. 2. Dendrite morphologies of carbon steel when the rotation rates of the inner cylinder
are (a) 13lrpm, (b) 489rpm, (c) 813rpm and (d) 1122rpm.
(a) : (x2:8), (b):(%x30), (c):(32) and (d) : (x3°6) (8/9)

— 53 —




2202 &% & &3

% 61 £ (1975) B9=

04
03
02
0.l
0]

V, cm/sec)

=
- o
-

Ll TR SIS g

c
O 0O
AN N O
|
i 1

0.08
0.08}- R
a 007}° ectetege ©
006 .
0.05F 4

0.08}

0.07f T TP S
9 o086} -
005} -
004} .

H I 1

1 1
o 05 1.0 5 20 25

Distance from chill , (cm)

Fig. 4. Relation among the flow velocity of bulk
liquid, U, the solidification rate, ¥, and
the solute concentrations of the solid
(white dot) and the liquid (black dot),
Ci, with the rotation of 199rpm. The
dashed line shows the calculated value
of the solute concentration of the solid.
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Fig. 5. Relation among the flow velocity of bulk
© liquid, U, the solidification rate, ¥, and
the solute concentrations of the solid
(white dot) and the liquid (black dot), C;,
with the rotation of 548 rpm. The dashed
line shows the calculated value of the
solute concentration of the solid.
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Fig. 7. Relation between the deflection angle of
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G. O. : Growth direction of dendrite, T, : Actual
temperature at given levels in the solidifying zone,
Cy, : Solute iso-concentration profile of the liquid,
4T¢ : Amount of undercooling, X : Nucleation site.

Fig. 10. Growth direction of dendrite with flow.
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Table 2. Comparison of the minimum effective distribution coefficients of the observed value in the rim-zone -~
of rimming ingots and the calculated value based on the washing effect in the solidifying zone.
Alloying Equilibrium distribution coefficient| Minimum effective distributior} coefficient .
element k, in §-Crystallization Ref. K, min(Calculated) | K, min (Observed) Ref.
0-13 (21) (22) 0-42 0-42 (21
C 017 23 044 0-42 (31) -
0-20 (24) (25) 0°46 0-46 (32)
0-29 (26) 0-52 0-50 (33) “
0-62 (23) 0:75
0:66 (27) 0-77
Si 077 (21) 0-85 0-83 (34)
0-83 (24) 0-89
0-84 (25) 0-89
0-72 2n 0-81 0-79, 0-80, 0-85 35) .
0-76 (23) | - 0-84 090, 0-91 ( |
Mn 0-80-0-90 (25) 0-87-0-93 0-90, 0-91, 0-92 (33)
0-84 (22) 0-89 0-90, 0-92 - ¢4))
0-90 (24) 0-93 0-90, 0-91, 0:92 (36)
0-90, (31)
0-06 21) 0-37 v
0-067 (28) 0-37 0-38, 0-46 (35)
P 0-13 (22) 0-42 iy
014 (23) 0-42
0-15-0-18 (25) 0-43-0-45 © 0-50 (3D
0-20-0-50 (29) 0-46-0-67 0'63, 0:65 (37)
. 0-32 (38)
0-02 (24) 0-34 0:33, 0:34, 0-37 (39)
0-032 (26) 0-35 0-34 (40) -
S 0-04 (30) 0-36 0-36 (34)
0-04-0-05 (25) 0-36 0-38, 0.39, 0-40 (35) >
0-05 (22) (28) 0-36 0-41, 0.42 (33)
0-41 (31)
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Fig. 11. Relation between the flow velocity of
bulk liquid, U, and the fraction of solid
depending on the washed depth, Sy, for
several solidification rates, ¥V, based on
Eq. (4). The marks show the values
with reference to sulphur.
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Fig. 12. Comparison of the calculated and observed
effective distribution coefficients of silicon,
K,, as dependent on the flow velocity of
bulk liquid, U, at different solidiffcation
rates, V. '
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Fig. 13. Comparison of the calculated and ob-
served effective distribution coefficients
of manganese, K,, as dependent on the
flow velocity of bulk liquid, U, at diffe-
rent solidification rates, V.
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Fig. 14. Comparison of the calculated and ob-
served effective distribution coefficients
of carbon, K,, as dependent on the flow
velocity of bulk liquid, U, at different
solidification rates, V.
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Fig. 15. Comparison of the calculated and ob-
© served effective distribution coefficients
of phosphorous, K,, as dependent on the
flow velocity of bulk liquid, U, at diffe-
rent solidification rates, V.
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Fig. 16. Comparison of the calculated and ob-
served effective distribution coefficients
of sulphur, K,, as dependent on the flow
velocity of bulk liquid, U, at different
solidification rates, V.
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Fig. 17. The calculated effective distribution co-.
efficient of carbon, X,, as dependent on
the solidification rate, V, at different
flow velocities of bulk liquid, ¥/. The
observed value shows the effective distri-
bution coefficient in the rim-zone of
rimming ingot when the solidification
rate is known.
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Fig. 18. The calculated effective distribution co-
efficient of sulphur, K,, as dependent on
the solidification rate, V, at different
flow velocities of bulk liquid, U. The
observed value shows the effective distri-
bution coefficient in the rim-zone of

rimming ingot when the solidification
rate is known.
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