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Fig. 1. Model of the flow around a cylinder.
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Fig. 2. Result of the flow around a cylinder: (a) Fy = 0.02;
(b) Fy, = 0.038; (c) F, = 0.138; (d) F, = 0.363.
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3.5

—— Analytical approximation
3.0 solution Ref. [27]
o Present work

2.5
2.0
1.5}
1.0

0.5

Normalized mean velocity U,or

0 -
0 01 02 03 04 05 0.6
Volume fraction of cylinder Fj

B3 AL AT L

Fig. 3. Comparison of results.

Periodic
Periodic

<
—
Q@

L;x T=Th, u=0 L:H=2:1

Kl 4 Rayleigh-Bénard [ §% % i 5 81 7R & 18
Fig. 4. Schematic of the Rayleigh-Bénard natural convec-

tion model.
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PR, v BB,

Nu BOERALHIADUNE B — N ESHL, TR

YRR P IEBRPERObRE, NuB0E XN
(uyT) H

Nu:1+a(Th—T)’ (40)
K, w,  y A EE, HIGR RS, ()
R IR R G

BT Nu b Ra WAL R LU T 22595
NE
Nu = 1.56(Rac/Ra)* . (41)

FEAEAU R, Prandtl £ Pr = v/a [BEHR 0.71,
R T R OIC AN R T = 0, T RE TR IR
TENET, = 1.0. N HERERDFFRACHER T
P

LB 5 1A 01 6 25 F

T(e,y) = |Th — (T~ Tc)%}
x [1 4 0.001 cos (n /1)], (42)
p(5,y) = [1 N pﬁtg(Thz—Tc)y (1 B %>]
x [1+0.001 cos (m z/1)] . (43)

N B IR B A e RS T, B TR
g 5 fras, T LRSS, i TR A TR RE 2 (8]
F4) G R 5 | ) A 28 B 2 (] 17 25 S 4 1 o
ML, 758/ Rayleigh 38 Ra 551F F S IREIEIR
BORLR, FEIT 1R RE B YRR, Bl A
iﬂlﬂ’ﬁ"‘j( XA FH SR G ok, SE R ZTEAR

B R G T, 255 557530k [29] A3

0.95
0.85
0.75
0.65
0.55
0.45
0.35
0.25
0.15
0.05

(T-T.)/AT

B 5 KRR RaBUF REBBRENMERZE ST (a) Ra= 2500; (b) Ra = 5000; (¢) Ra = 10000; (d) Ra = 50000
Fig. 5. Isothermal distribution of the system reaching steady state for different Ra numbers: (a) Ra = 2500; (b) Ra = 5000;

(¢) Ra = 10000; (d) Ra = 50000.
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Bl 6 25t T AR R Nu bl Ra 2105
205 A LE R A Clever Fl Bussel 3815 %
PIZE XS L. TN, AR SO )R 2 R 5 250 5K
DI SEiT Sk ) 25 SR ) & AT

6
—— Emprical results
+ Present work
5r o Clever & Busse [Ref. 30]
g
E
A
=
=
2 3t
4
4
2 -
°
4 L L L
2000 5000 10000 100000

Rayleigh number

6 FAA Nu$iHE Ra Hny 2 AL ML
Fig. 6. Variation rule of steady state Nu number with Ra

number.

4 %R 5408

AR SCAE A BN Fe-0.34%C 4 4 1 1y B A
BIE 7 s, iIPTE XN L x H= 10 mm x
20 mm, FEF TR I, FLAT 43R AR 4 B4
R, NEBRI WG IR 1 E Ol 1811.65 K, ¥R
BeiR B EE R 300 K, HAABHSHH £ 2 44 i,

%2 BUUTRINZE

Table 2. Parameters used for simulation.

Physical parameter Value
Solidus temperature, Tm/K 1811.15
Liquidus temperature, Ty/K 1723.15
Liquidus slope, m;/(K-%~1) -80.45
Interface kinetics coefficient, gy /(1073 m-s~1.K) 2
Kinetic anisotropy strength, dy 0.3
Thermodynamic anisotropy, o 0.3
Liquid Viscosity, v/(1073 kg-m~1.s~1) 3.6
Diffusivity in liquid, D;/(1078 m2.s~1) 2
Diffusivity in solid, Ds/(1079 m2.s~1) 1
Partition coefficient, & 0.36

Average Gibbs-Tomson
cocfficient, I"/(10~7 m-K)

Specific heat capacity, Cp/(J-kg=1-K—1) 455
Convective heat transfer
coefficient, h/(W-m—2.K~1)

Thermal conductivity, A/(W-m~1.K—1) 30
Thermal expansion coefficient, Br/(1074 K~1) 2

1.9

600

Solutal expansion coefficient, B./(1072 %~1) 1.1
Latent heat, L/(10% J-kg™!) 269.55
Density, p/(kgm—3) 7001

RIS EOR A STk [31, 32), 122380 A
FHE A Thermo-Calc.

L

or

oy

\g =9.81 m-s—2

=
T, =300 K
I _hiq-1)
dx ) A
v \ -

K7 BEBE AR
Fig. 7. Physical model of ingot.
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FEU TR TIOR3k Ty R
TR BN 7 ).

TEBE [ TT AR I, FERE T AL A A oL LR X i
PN F AR R RS T R % B v BE T aa i
R AR 7 ) AR A SRR A HRAHES Y, ARk
. BEAE DK SEARIR A RS AE K HE 1T TR
TE RS AL, FE TR AR s R 9558 22 DL
AT I B AR S By R R R 5, I 8(a)
X1l ZONE2 fizR. XIFERE 8(a) WX 5 ZONE1L
AR — E R IR IR 4, A1 AT iR
B E I A SR L m) b, XA HPRA BB
BENARH BISEEE b7, JURDERER ] 1 ixX 2835 T4k
g Fiz ghifit— 2B 1A P DI e
BEERTIARE AR T A K B2 G v 5, BE TR AL
AT R A T o) B 5 D S A A o A P i 1 7 o
G323 F AR R . (76 Y S T ALk v VAR RV T 2
Xof Yt 53 M E V3 1 TOU 832 20y 1) 1o 2 b 23 7 [ AR
VAR b S — SRR B IR AT (1] 8(a)
(b) H Line 1 Al Line 2 FrE7RAYIX ), 5 3CHR [19]
HER AR ATIE B R — B B T UL XS 5 1Y
AP PR IR A B R BT R O A B
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No.

K8 RFIESGRGIE SN BB TR (a) t=20s; (b) t=45s; (c) t=4.6s; (d) t=48s; () t=52s; (f) t = 5.6s;

(g) t=6.0s;(h) t="7.0s; (1) t=10.0s; (j) t=18.05s

Fig. 8. Solidification process of ingot without considering the equiaxial crystal motion: (a) ¢t = 2.0 s; (b) t = 4.5s; (c) t = 4.6s;
(d)t=48s;(e) t=52s; (f) t=56s;(g) t=6.0s;(h) t=70s; (i) t=10.0s; (j) t =18.0s.
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E 9 FEEMBEHNEEEBLRE (a) t=20s;(b)t=45s;(c) t=4.6s;(d) t=4.8s;(e) t=5.2s; (f) t=5.65; (g) t=

6.0s; (h) t=70s; (i) t=10.0s; (j) t=18.0s

Fig. 9. Solidification process of ingot considering equiaxial crystal motion: (a) t = 2.0s; (b) t = 4.5s; (¢) ¢t = 4.6s; (d) t = 4.8 s;
(e) t=52s;(f) t=056s;(g) t=06.0s;(h) t=70s; (i) t=10.0s;(j) t =18.0s.
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K10 AFEMEH T %S RERN MBS (o) S5
B3); (b) %l i A1z 3

Fig. 10. Morphology of a fully solidified ingot in different
cases: (a) Equiaxed grain motion; (b) equiaxed grain im-
mobility.
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DX 3 T AT 4 S0 2 DL A IS M S, 785l 5 e A
1 10% F1 20% (AR = ML 5 S IERIE, Hrp e
TR EE 4558 BLTERY 20%, AT 250 S i 57 DR BT
FE AT K VI 5 KO e v
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BEEL T I AR T 60% X 3kgE 344 3 S IE
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anpE 11 XA VI VITRTIX BT 7.
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Fig. 11. Solute distribution in the fully solidified ingot for
different cases: (a) Equiaxed grain motion; (b) equiaxed

grain immobility.
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Table 3.  Average concentration and segregation of index (SI) at different locations.

I n 1 v \4 Vi Wil Vi X
B8l 0.227 0.257 0.292 0.309 0.323 0.441 0.282 0.289 0.351
T/ % -33.2 -24.4 ~14.1 9.1 -5.0 29.7 -17.1 -15.0 3.2%
Rigzh 0.228 0.278 0.298 0.3 0.341 0.384 0.278 0.289 0.345
1T/ % -32.9 -18.2 -12.4 -11.8 0.3 12.9 -18.2 -15.0 1.5%
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Fig. 12. Comparison between the presence or absence of
equiaxed crystal movement and the degree of segregation

observed in experimental results.
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Study of macroscopic segregation in ingot considering
the movement and growth of equiaxial crystals”
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Abstract

The solidification process of alloy ingot is often accompanied by the phenomena of free dendrites growing
and colliding with each other while moving, which has a non-negligible influence on the temperature field, flow
field, solute field and microstructure of the ingot, and it is one of the key issues in the study of ingot
solidification organization formation. The cellular automata-lattice Boltzmann (CA-LB) coupling model has
been developed rapidly in recent years in dealing with the moving dendrites, which can not only maintain the
morphology of the moving dendrites well, but also calculate the mutual collisions between the dendrites
reasonably. In this work, the cell-automata-lattice Boltzmann model for simulating the growth of free dendrites
is improved. Alternating direction implicit iteration method is used to solve the differential heat conduction
equation, and the simulation parameters are not limited by stability conditions in this method. In this research,
the accuracy of the flow-solid coupling of the model is verified by taking the flow around a circular cylinder for
example, and the temperature field of the model is well coupled under the natural convection condition. Finally,
the solidification process of Fe-0.34%C alloy ingots with or without equiaxed grain movement is simulated using
this model. The simulation results show that the movement of equiaxed grains increases the contact probability
with the neighboring dendrites, which leads to a more uniform grain size in the ingot; the movement of
dendrites also changes the solute distribution in the center of the melt, especially increasing the size and range
of the hot-top segregation; the movement of equiaxed grains is impeded by the columnar crystals, and therefore

the CET region is not much affected by the movement of dendrites.
Keywords: ingot, macroscopic segregation, numerical simulation, dendrite movement
PACS: 81.10.Aj, 81.10.Mx, 47.11.Bc DOI: 10.7498 /aps.74.20241702
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