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Numerical Analysis of the Continuous Casting Process
in the Presence of Thermo-Solutal Convection

J. D. Chung, H. Yoo and J. S. Lee

Key Words : Continuous Casting (¢14-32), Thermo-Solutal Convection (%5 t]&), Center-
line Segregation(Z4] 31 4), Shell Thickness(2 1% F#))

Abstract

Continuous casting process is numerically analyzed using the continuum model in a non-
orthogonal coordinate system. Flow damping in the mush is modeled by combining the viscosity
dependence on liquid fraction in dilute mush and the permeability dependence on liquid fraction
in concentrated mush. The effect of turbulence is indirectly considered by effective diffusivity
determined elsewhere by experiment. The main objective is to investigate the effects of casting
parameters such as casting speed and tundish superheat on the distribution of surface tempera-
ture, shell thickness, metallurgical length and centerline segrecation. Some of the computed
results are compared with available experiments, and reasonable agreements are obtained.
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Fig. 1 Schematic representation of the slab continu-
ous casting process
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Fig. 5 Unit cell of square and triangular arrays
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Table 2 Midface shell thickness at bottom of
mould for billets of different initial con-

centrations
Shell thickness [mm]
Carbon[mass%] |Exp.{Chandra ef a/., 1993) | present
0.05 8.5 8.30
0.09 7.0 7.02
0.42 9.5 9.57
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Fig. 6 Atlas Steel Companyel| 4] zt5F9l £
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Fe-C gtgo] #z=4 % 0.006m/sZ 335 +E 34
oje}, = EAIXE Table 30| gokslo] Yuh, =

Table 3 Thermophysical properties of Fe-C system

Properties Solid Liquid
Specific heat{J/kgK] 736 770
Thermal conductivity[W/mK] 30 31.15
Viscosity [kg/ms] 6.9%x10°°
Thermal expansion coefficient [1/K] 1.0x10™*

Solutal expansion coefficient 1.1x1072
Melting temperature [K] 1773

Eutectic temperature [K] 1420

Eutectic concentration [mass% C] 4.3

Partition coefficient 0.42

Density [kg/m?] 7300

Latent heat [J/kg] 2.7%x10°

Mass diffusion coefficient [m?/s] 2.0x107°

Table 4 Shell thickness at mould exit and metallurgical length for billets of different initial super

heatings and casting velocites

Shell thickness Metallurgical length
at mould exit [mm)] [m]
case 1 13.85 7.41
(2cast =0.006, AT =20)
case 2 7.28 no
(#case=0.008, AT =20)
case 3 11.32 7.58
( Ucast =0 006. AT = 50)
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Fig. 9 The flow pattern and mixture concentration
profile in the mould region with thermo
-solutal natural convection (2c.se=0.006m/s,
AT =207C)

(a) Velocity vectors
(b) Streamlines
(¢) Isocomposition lines
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Fig. 10 The flow pattern and mixture concentration
profile in the mould region without natural
convection (zcas =0.006m/s, 4T ==20C)

(a) Velocity vectors
(b) Streamlines
(¢) Liquid fraction
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Fig. 11 The flow pattern and mixture concentration
profile in the mould region with thermo
-solutal natural convection (z/ces,=0.008m/s,
AT =207T)

(a) Velocity vectors
(b) Streamlines
(¢) Isocomposition lines
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Fig. 12 Effect of tundish superheat and casting veloc-
ity on the variation of solute in transverse
section for Co=0.74%

s Ag Hobehas ol o] FAHAe A g
Aekatgl Hgrl glen ol& ffs FAHAE
(centerline segregation index) & t}-& 3 zleo] A
o] ghet,

AR E =g s A

el QAFolAlE whasdub ohe} Si, Mn, S, P
% o] 4l Haislo] m4lol] &S v A x|ut
Kawamoto 5®o] HolZE uls} o] 7+ 249

E
HAEE S7AHA Aol ot wehA & WY&
3

wdo] lever ruleo)
oAel® wmA o AHzrp &old
=
=

=w8E e

o

s

rﬂ

o

, B
= flm
ol

o 1 -
zabel $¥del Maelde Ageld 2ag
A

(o]

2 AToide gl ] At Ad<gH m

o124
71z ske] dFrolfol 9 &7 5% duks
#A2 H3tsle] A& AskA et A W 5
zde F7 ¥y AAFFolM+= Carman
-Kozeny o A& vz datBgo] vjaz £
doddsi MAR-Fo 52 FHH HAASTE
53 FE2AE Avysiddn, GFETNE A
2 FasddeE B nesiglch

A3 vlmste] & FAe FHFLTAHYA
7 A A slgdon] zoiu4o) of3kE AsE o
TE B8l 27)dse g3 athx] zA go
o] FERTol] ZabEo] YEIEFE & + ot 3§
Aubk FrE4Es9 gk o An F2LEr 7
Aol wpe} £33 vl olle FaZ FAAE Fad
Z HEF FaAe HE FrlskA =Heh diFEH
= F2 4yt g AAFoF AufHol
ol FAMMe] Faglh Hale] ok d4Ede
ZAHA o Zolla Hekd oz B il ofx
7 ot AdHoe g A AR HHE B
o},

EHIES

(1) Schrewe, H. F., 1989, Continuous Casting of
Steel, Fundamental Principles and Practice,
Stahl & Eisen.

(2) Brimacombe, J. K., 1993, “Empowerment with
Knowledge-toward the Inteligent Mold for the
Continuous Casting of Steel Billets,” Metall.
Trans., Vol. 24B, pp. 917~935.

(3) Thomas, B. G., 1995 “Issues in Thermal
-Mechanical Modeling of Casting Processes,”
ISI] International, Vol. 35, pp. 737~ 743.

(4) Miyamura, K., Taguchi, 1. and Soga, H., 1984,
“New Evaluation Techniques of Segregation in
Continuously Cast Steel,” ISI] International,
Vol. 24, pp. 883~890.

(5) Tsuchida, Y., Nakada, M. Sugawara, S,
Murakami, K. and Tokushige, S., 1984, “Behav-
ior of Semi-Macroscopic Segregation in
Continuously Cast Slab and Technique for
Reducing the Segregation,” ISI] International,
Vol. 24, pp. 899 ~906.

(6) Kitamura, M., Soejima, T., Koyama, S., Mat-
suda, Y. and Abu, J., 1984, “Improvement of



Surface Quality of Continuously Cast Slab for
Conditioning-free Rolling,” ISI] International,
Vol. 24, pp. 966 ~972.

(7) Narita, K., Mori, T. and Miyazaki, J., 1991,
“Effect of Deformation on the Formation of
Internal Cracks in Continuously Cast Blooms,”
Tetsu-to-Hagane, Vol. 67, pp. 1307~1316.

(8) Herberston, J. and Austin, P., 1993, “The
Application of Mathematical Models for Optim-
ization of Continuous Casting,” Proc. Modeling
of Casting, Welding and Advanced Solidification
Processes- VI, Palm Coast, pp. 689~ 700.

(9) Lait, J. E., Brimacombe, J. K. and Weinberg,
F., 1974, “Mathematical Modelling of Heat Flow
in the Continuous Casting of Steel,” [ronmaking
and Steelmaking, pp. 90~97.

(10) Mizikar, E. A, 1967, “Mathematical Heat
Transfer Model for Solidification of Continuous-
ly Cast Steel Slab,” Trans. AIME, Vol. 239, pp.
1747~1753.

(11) Inouye, T. Noro, K., Akita, Y. and Katano, L.,
1978, “Heat Transfer in the Continuous Casting
Mold,” Nippon Steel Technical Report, No. 12,
pp. 86~ 96.

(12) Lally, B., Biegler, L. and Henein, H., 1990,
“Finite Difference Heat-Transfer Modeling for
Continuous Casting,” Metall. Trans., Vol. 21B,
pp. 761~770.

(13) Fujii, H., Ohashi, T., Ono, T. and Asano, K.,
1979, “Fundamental Phenomena of Continuous
Casting,” Nippon Steel Technical Report, No. 13,
pp. 48~61.

(14) Thomas, B. G., Mika, L. J. and Najjar, F. M.,
1990, “Simulation of Fluid Flow Inside a Continu-
ous Slab-Casting Machine,” Metall. Trans., Vol.
21B, pp. 387~ 400.

(15) Prescott, P. J., Incropera, F. P. and Bennon,
W. D., 1991, “Modeling of Dendritic Solidifica-
tion Systems . Reassessment of the Continuum
Momentum Equationn,” Int. J. Heat Mass Trans-
fer, Vol. 34, pp. 2351~ 2359.

(16) Neilson, D. G. and Incropera, F. P, 1991,
“Unidirectional Solidification of a Binary Alloy
and the Effects of Induced Fluid Motion,” Int. J.

FZzg Ao 4284 455

Heat Mass Transfer, Vol. 34, pp. 1717~1732.

(17) Neilson, D. G. and Incropera, F. P., 1993,
“Effect of Rotation on Fluid Motion and Channel
Formation during Unidirectional Solidification
of a Binary Alloy,” Int. J. Heat Mass Transfer,
Vol. 36, pp. 489~505.

(18) Bennon, W. D. and Incropera, F. P., 1987, “A
Continuum Model for Momentum, Heat and
Species Transport in Binary Solid-Liquid Phase
Change Systems - I. Model Formulation,” Int. J.
Heat Mass Transfer, Vol. 30, pp. 2161~2170.

(19) Savage, J. and Pritchard, W. H., 1954, “The
Problem of Rupture of the Billet in the Continu-
ous Casting of Steel,” J. Iron Steel Inst., Vol. 179,
pp. 269~277.

(20) Samarasekera, I. V. and Brimacombe, J. K.,
1984, “The Continuous-Casting Mould,”
Continuous Casting, Vol. 2, pp. 33~44.

(21) Flemings, M. C,, 1976, “Principles of Control
of Soundness and Homogeneity of Large Ingots,”
Scand. J. Metallurgy, Vol. 5, pp. 1~15

(22) Yoo, H. and Viskanta, R., 1992, “Effect of
Anisotropic Permeability on the Transport Proc-
ess during Solidification of a Binary Mixture,”
Int. J. Heat Mass Transfer, Vol. 35, pp. 2335
~2346.

(23) Metzner, A. B., 1985, “Rheology of Suspen-
sions in Polymeric Liquids,” /. Rheology, Vol. 29,
pp. 739~7690.

(24) Oldenburg, C. M. and Spera, F. J., 1992,
“Hybrid Model for Solidification and Convec-
tion,” Numerical Heat Transfer, Vol. 21, Part B,
pp. 217~229.

(25) Asai, S. and Szekely, J., 1975, “Turblulent
Flow and Its Effects in Continuous Casting,”
Ironmaking and Steelmaking, pp. 205~ 213.

(26) Aboutalebi, M. R., Hasan, M. and Guthrie, R.
I. L., 1995, “Numerical Study of Coupled Turbu-
lent Flow and Solidification for Steel Slab Cast-
ing,” Numerical Heat Transfer, Vol. 28, Part A,
pD. 279~297.

(27) Fried, J. J. and Combarnous, M. A., 1971,
“Dispersion in Porous Media,” Adv. Hydrosci.,
Vol. 7, pp. 169~282.



456 HAAE - HEA - o FA

(28) Poirier, D. R., 1987, “Permeability for Flow of
Interdendritic Liquid in Columnar-Dendritic
Alloys,” Metall. Trans., Vol. 18B, pp. 245~ 255.

(29) AAMF, F3A, olF4, 1996, “T&7tE &
BLHd gl et A=A kg4, " did
Z1A s = Ad, A 204, A 6%, pp.
2046~ 2056.

(30) A5, FIA, olF4l, x£uh 199, "o
A 2elof] oldt FRAHA Aol N AH A"
ezl A s =FA, A 209, A 123, pp.
3926~ 3937.

(31) Lait, J. E., Brimacombe, J. K. and Weinberg,

2 AN

F., 1974, “Mathematical Modelling of Heat Flow
in the Continuous Casting of Steel,” [ronmaking
and Steelmaking, pp. 90~97.

(32) Chandra, S., Brimacombe, J. K. and Samar-
asekera, 1. V., 1993, “Mould-Strand Interaction
in Continusous Casting of Steel Billets Part3
Mould Heat Transfer and Taper,” Ironmaking
and Steelmaking, Vol. 20, pp. 104~112.

(33) Kawamoto, M., Yamada, K. and Fujita, T,
1977, Wire Journal, pp. 64~70.

(34) Kurz, W. and Fisher, D. J., 1989, Fundamen-
tals of Solidification, Trans Tech Publications.



