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Mathematical Analysis on the Upper Limit of Cooling Rate in Casting
on the Basis of One-dimensional Semi-infinite Model

Kazumi Yasupa and Hiroyuki Kajioxa

Synopsis : Cooling rate is an important index to estimate solidification structure or property of cast products.

In order to evaluate the upper limit of the cooling rate in near net shape casting processes of various kinds, heat
conduction in the semi-infinite region with and without solidification was calculated analytically. On the basis of
Neumann's solution for the semi-infinite region (y>>0) initially at constant temperature U with the surface (y=0)
maintained at zero for the subsequent time (t>0), cooling rate was calculated for the cases in which location, time or

temperature was fixed respectively.
The results are as follows.

(1) In case of cooling without solidification, the maximum cooling rate at any fixed location takes place at the constant
temperature 0.92U independent of the thermal characteristics. While in case time is fixed, the maximum cooling rate

occurs at another constant temperature of 0.68U.

(2) In case of cooling with solidification, cooling rate is determined by location, time and the dimensionless parameter
Ya, which is the ratio between sensible and latent heat, And for any kind of metal the maximum cooling rate at any
fixed location or time appears just behind the solidification front. Approximate equations for the maximum cooling rate

are proposed.

Key words : continuous casting ; cooling ; cooling rate ; solidification ; physical property ; solidification structure.
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Fig. 1. Dimensionless cooling rate at a fixed point

as a function of temperature.
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Fig. 2. Dimensionless cooling rate at a fixed time as
a function of temperature.
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Fig. 3. Classification of patterns of cooling rate
change.
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Table 1. Values of non-dimensional parameter Ya
for main metals.

Melting | Heat of |Specific Heat| Non-dim. Parameter | Non-dim, Parameter

Metal| Point | Fusion |[J/(mol. K)1| ¥, 1(Abs. Temp) | ¥, 2(Cels. Temp.)
K] | [J/mol] () :order () :order
Sb 903 | 19700 29.03 1332 (1) 0.929 (1)
Sn 505 7000 30.77 2.221 (2) 1.020 (2)
Zn 692 7120 28.97 2.820 (3) 1.708 (3)
Ag | 1233 | 11000 26.18 2.937 (4) 2.287 (7)
Mg 932 8960 29.09 3.026 (5) 2.139 (5)
Ti 1953 | 18700 29.67 3.099 (6) 2.665(10)
Cu 1356 | 13100 30.05 3.112 (7) 2.485 (8)
Au | 1336 | 12370 29.67 3.206 (8) 2.550 (9)
Al 933 8400 29.02 3.224 (9) 2.281 (6)
Mo | 2903 | 27800 32.51 3.395(10) 3.076(12)
Ni 1726 | 17500 34.88 3.441(11) 2.897(11)
Pb 600 4870 28.61 3.529(12) 1.924 (4)
Cr 2163 | 13800 33.73 5.287(13) 4.619(13)
Fe 1809 | 13800 44.17 5.791(14) 4.917(14)
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Fig. 4. Schematic distribution of cooling rate during
solidification.
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Table 2. Cooling rate in each case.

Case | Cooling rate | Location Time Temperature
Maximum 0.9250U Fixed Yol 0.917U
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Fig. Al. Schematic representation of a temperature
distribution along the depth during solidifi-
cation with superheat.



