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Table 1 Conservation equations, source and exchange terms and auxiliary equations in the three-phase mode
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Equation name Mathematical equations No.
0
Mass E(Jflpl)+v‘(]p1p1”1):Me1+Mcl (D
0
5 (P )+ V (fopau )= M+ M, )
0
a(f;pc)+v(f;pcuc):Mlc+Mec (3)
6 =
E(flplul)+V(f,plul ®u)=-fVp+Vri+
Momentum . . 4
AT =T)+ B a) Jg+ U, +U,
0
—(fopu)+V(fpu ®u)=~fVp+
612 (5)
Vet f(p.—p)g+U +U,
wheres 7=y 11 (V@ u + (Veu) )
re=pf.(VOu+(Veu))
0
Enthalpy E(ﬁp1h1)+v(]{1plu1hl): v(flklv 'T1)+Qc1 +0, (6)
0
5(fcpchc)+ V (.fcpcuchc) = V (fukcv ‘Tc)+ Qlc + Qcc (7)
0
a(fcpchc )+ v (-fcpcuchc ) =V (fckcv : Tc)+ Qlc + Qcc (8)
0
Species 5(/‘1/’161 ) + V(flplulcl) = V(flplDlvcl ) +Cy+Cy )
%(fepece)+V(fepeuece) :V(ﬂPeDeVCe)+C1e +C, (10)

0
a(ﬂpccc)+v(ﬂpc”ccc) = v(f;:pchvcc)_’_ Clc + Cec (11)
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Equation name Mathematical equations No.
0
Trans. Eq. §+ V(nue) =N, (12)
vr-vry )
Nucleation N = dl = d(VT) . M max Vo ] (13)
T dr dr 2mevr,
Exchange terms M, = D 1= ! -(n-ndz)-p - 14
o (d,12)(1-k) U (T-T;)/m <) e
-1
D, C, /‘11 2
M M = L 1= L | In| = d /A1) 15
ass <= (d2)-(1=8) ( (T—Tf)/mJ {“[dcﬂ (R 1)1 (1
Momentum U.=u M +K,-(u,-u)> U=u M +K, (u-u) U, =u M +K, (4-u) (16)
Enthalpy O =h" M +H (T,-T,): Q. =h" "M+ H ([-T). Q. =H (T, - T,) (17)
Species Cle:C*'Mle’QCZC*'A/Ilc’Cce:C*'Mce (18)
. c . zclplﬁ+cepefe+ccpcfc
Mixture Conc. mix plfl +pefe +pcfc (19)
Grain Diam. d, = (6fC /Tc-n)l/3 (20)
Viscosity H. =,Ul/f1‘|:(1—f5/fsc)_0'25ﬁ —(1—fs)j| (21)
2 BEXBAESHAEH Adiabatic
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Fig.1 3D geometric meshes and boundaries of billet in DC

casting
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Table 2 Thermophysical properties and alloy parameters'zs]

Parameter Symbol  Unit Value
Liquid density Pl kg/m’ 2606
Solid density Ds kg/m* 2750
Liquid specific heat c J/kg'K 1054
Solid specific heat Cs J/kg'K 958
Liquid thermal conductivity ki W/m-K 95.0
Solid thermal conductivity ks W/m-K 180
Liquid diffusion coefficient D, m?/s 5.0x10°
Liquid viscosity o kg/m's  0.0013
Solutal expansion coefficient(Cu) Ps K -0.73
Thermal expansion coefficient pr K! 1.17x10™*
Melting point of Al Tm K 933.15
Eutectic temperature Teut K 821
Eutectic composition Ceut wt% 33.2
Equilibrium partition coefficient kp - 0.17
Reference temperature To K 884
Reference concentration (Cu) Co wt% 4.0
Permeability constant Ko m? 6.67x10"
Liquidus slope (Cu) my K/wt% -334

il = 0.017 /s g = 0.003 m/s

B2 AT I 2 PR AR st AT A - HOR3AT 2
Fig.2 Volume fraction of columnar phase and the velocity of liquid phase at different time: (a) 400 s, (b) 900 s, (c) 1500 s (steady state),

and (d) 2500 s (solidification end)
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Fig.3 Volume fraction and the velocity of equiaxed phase at different time: (a) 400 s, (b) 900 s, (c) 1500 s (steady state), and (d) 2500 s

(solidification end)
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Fig.4 Macrosegregation distribution at different time: (a) 400 s, (b) 900 s, (c) 1500 s (steady state), and (d) 2500 s (solidification end)
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Fig.5 Influence of casting temperature on the distribution of macrosegregation: (a) 951 K, (b) 971 K, (¢) 991 K, and (d) 1031 K
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Fig.6 Influence of casting speed on the distribution of macrosegregation: (a) 30 mm/min, (b) 60 mm/ min, (¢) 90 mm/ min, and

(d) 120 mm/ min
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Fig.7 Comparison of simulation and experiment result
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Numerical Simulation for Macrosegregation of Al-4Cu Alloy Ingot
During Direct Chill Casting Based on Three-Phase Model

Luo Haijun', Jie Wangqi', Zheng Yongjian®>, Wu Menghuai®, Gao Zhiming'

(1. State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China)

(2. Universitaet of Leoben, A-8700 Leoben, Austria)

Abstract: A mixed three-phase solidification model based on the Eulerian-Eulerian approach and the volume average method for

macrosegregation were applied to predict the segregation in Al-4Cu alloy ingot during direct chill casting (DC). In addition to the

thermosolutal buoyancy flow, we considered the movement of equiaxed crystals, the capture of equiaxed crystals by growing columnar

crystals and the interaction and impingement between columnar and equiaxed crystals in the model. The results show that a conical zone of

negative segregation is obviously observed at the bottom of the ingot. Negative segregation is also observed adjacent to the center, whereas

positive segregation is obtained in the center and middle of the radius. This W-type segregation profile is in agreement with the measured

experimental data obtained from literatures. At the same time, the influence of pouring temperature and casting speed on macrosegregation

were also studied. It indicates that casting speed has a greater effect on segregation than the pouring temperature.

Key words: three phase model; macrosegregation; numerical simulation; ingot; direct chill casting
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