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Computer Simulation of Macrosegregation in Ingots

Itsuo OHNAKA and Masamitsu MATSUMOTO

Synopsis:

A direct simulation method of macrosegregation in ingots has been proposed, where the flow due to liquid
density change by temperature and concentration variation during solidification and due to solidification
contraction was postulated to be laminar and darcy flows in the liquid and the solid-liquid coexisting
(mushy) regions, respectively. Since the conservation laws of thermal energy, mass and momentum are
solved by the direct finite difference method developed by the authors, this method is applicable to ingots
with complicated boundary condition. Some numerical examples such as unidirectional solidification of
Al-Cu and Fe-C alloys including solidification of a stepped specimen and a large steel ingot showed that
the proposed method can fairly accurately simulate at least the macrosegregation caused by the convection
and solidification contraction in the mushy region, excluding the channel type segregation. Although the
accuracy of simulation of the macrosegregation in large steel ingots should be further examined by compar-
ing the simulations with experiments, the tendency of positive segregation could be simulated. Further, it
was found that the accuracy of the simulation depends especially on the data of the liquid density and per-
meability in the mushy region.

Key words: ingot making; solidification; segregation; computer simulation; macrosegregation; fluid flow;

darcy flow.
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Table 1. Physical properties and boundary conditions used in the numerical examples.

Alloy Al-4.1%Cu Fe-0.25%C Al-4.4%Cu Fe-1.0%C Fe-0.19%C
A(W/(mK)) 125.6 41.9 125.6 41.9 41.9
Cp (kJ/kgK) 1.088 0.628 1.088 0.628 0.628
pso (kg/m%) 2700.0 ~ 7270.0 2700.0 7270.0 7270.0
oro (kg/m®) 2664.9 7000.0 2667.3 9615.9 9615.9
osk (kg/m®) 3400.0 7270.0 3400.0 7270.0 7270.0
ag (Eq. (12)) 340.0 : 0.0 340.0 0.0 0.0
arc (Eq. (13)) 2428.0 0.0 2428.0 —80.0 —200.0
a;7 (Eq. (13)) —0.3 0.0 —0.3 —1.45 —1.45
AH (kJ/kg) 397.7 272.1 397.7 272.1 272.1
# (mPa-s) 3.0 6.0 3.0 6.0 6.0
my, (K/%) 3.3939 78.0 3.3939 35.0 78.0
Ce (%) 33.0 4.3 33.0 4.3 4.3
k(=) 0.172 0.32 0.172 0.32 0.32
a* (Eq. (7)) ‘ 0.0 1.0 0.0 1.0 1.0
T; (K) 933.0 1809.0 933.0 1788. 1809.0
Tk (K) 821.0 1474.0 821.0 1637.5 1474.0
Tp (K) 970.0 1843.0 920.0 1763.0 1818.0
K (m?)* A A B D B C C, E
fie 0.9 — 0.8258( B) 0.7088( C) 0.6(E)
a 6x10711 - 4x10710 4x10710 4x10710
b 2.0 — 3.0 3.0 3.0
ay 2.2356x1077 — 4.0729x10™8 1.6318x107¢ 9.137X1075(E)
by 80.047 — 27.155 27.155 27.155
hy (W/(m%K)) : 837.0 418.6 627.9 418.6 2093.0
418.0
T, (K) 293.0 773.0 293.0 903.0 373.0
773.0

* Permeability K=a; f" for fL<frc and a f1.”2 for f1c<f1<1.0. K=0.1 was used for f;=1.0 in the Case A, B, C and E. D is the case where

fLc=1.0in case B.
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Fig. 1. Comparison of simulated solute distribu-
tion with measured and calculated ones by Kato and
CaHoon'? in an Al-4.1%Cu ingot solidified un-
idirectionally.
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Fig. 2. Simulated fluid flow at 50s after cooling
and macrosegregation in a Fe-0.25%C specimen.
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Fig. 3. Comparison of simulated solute distribu-
tion with measured and calculated (broken line)
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shown in Fig. 2.
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Fig. 4. Simulated fluid flow at 400 s after cooling
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