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Fig. 1. Schematic representation of mushy layer system,
which advancing upwards with a constant solidification
speed V*.

e IR 252 2SR A B MM wEA Ve,
Hrbi i HESs B Iy 2 e B . JeAh, e 7E
RAR E BAE E 1) 3 oL R oo, HRPEFE RN
(HF) RSO XL AR 2 T LA 2 AN T, DOERIAR
252 BIRES RIS AR 24 1 Ry se e U 3848 %% ) 3R
kA

F=pFE+Jx B,
K, J RN R BB B HLL R R, FOAT DL RR AR
HE N J=pu* +o0(E+u* x B)2 H w3
N EE, E RN, pe FoR AT . 25
FICHR [17]) e, A SCZNE Y E FN s
LA 52T pew™ &~ 0. R, 381824 1 R AT DL

HHNF =o.(u*x B)x B.

FRGURIARIZ A 1 07 e 0 2 PRP A D A | U
V77 R L T IOTAH 2SR 3k Y O R B i A
Ty

ot~ 0

oT* oT*
C* ( * ) -‘rC*'LL* . V*T*

Z*
¢ « 09
o v 82*) ’ (1)

(1-9) (ac _V*ac ) +u* - VC*

= kT + L

ot* 0z*
=D*V*[(1 - ¢)V*C"]
« [ 09 . 09
+(1-Fk)C <6t* -V 82*)’ (2)
T" =Ty + m*(C* = Cygp), (3)
u*u*

— V(0 PR+ F. (4)

Vot =0, (5)
R, T FRARBARSE; C* FRBARIE; ¢ H
AR ERIAEFR AL p* FORBEIRA R T (V38
JIFEKFRIF I, p* = pagn + propg™2™); w* Nk
PUBED; R kR, LR, D3k
TN Y R EL kRN IR R mr R IR
BEF; T (0) FRBPIRZ BB R, i ETARA 3h
DR g B HIMELE; kFoRm) B i
P* = ppll — (T = Tg,) — i (C* = C,)], H W)
FRE SOZMIIRZ b i % itz sl v 2% B 22 0K sh i,
[ s Al 28 B S U R VR R M OC R O, o
FIORBPRZ TR E L, o Rl o N HEL
RGEH AN AR A

M2t = H* i,
C* =Chpr d=0do, u-k=0. (6)

M2 = O,
C*=Cfy u-k=0. (7)

2.2 EENKL

K AL T SCHR [6] A9 o WAL T 52, 4%
SRR R VAR B R, RBERBE N w* )V, I

BRI o /V2, T R s HE R
o BV T Ty
b e WERIIE T = — 2, €

066401-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 066401
Cc* Ctt) . . Cfbot S e B
AC* POHh, AT = Tap — Toe, AC™ = Cig,— 4 Chot — 5 S = 52 (,2) =60(z,2), t=06,

Cioy. L i* = kb Jo FoR AT HOR L, 1T (00) W
BB,
TS I 7y

9 9 L, 9 0

(8)

(1-¢) (a_a)c+u Ve = i[u—(p)vq

(1—k1)(1+c"°t+0)(8 8>¢,

ot 0z (9)
T =mC, (10)
K(¢)u = —Vp — Apk — Ham?(u x k x k), (11)
Vu =0, (12)
Hrp
IT* (¢0)
K = Ap = —RaT —
(¢) H*(d)) ) P Ra RalCl,
g L _ m*AC”
T oaTe T AT
2 * *
Ham = | B0 (@) w0
M* D*
Cy, Prop@ AT g* 11" ()
bot __ bot _ P
" =ne fe= wv ’
TAC*g* IT*
Ra, = ptopal (¢0> (13)
*V*
R
EFER
C=0,¢=do, u-k=0. (14)
M2 = Of,
C=-1,u-k=0. (15)
Hrp
H*V*

5:

, Ap=—Rac1C, Rac; = mRa+ Ra;.

2.3 BEiRE
R HPIRZ R R 6 < 1, i8R
FURWTT Us /N . A BEE SCIRRIR 2 i JEE B 2t /N

TR HOR S, B0 A0 BE AR /N T4
e S 2 i WPIRZE B AL B R T T ER AR R,

Mz%EiRm SRay, WRGEH RN

0 ;0 o 5[0

52 \ ot

(16)
(1—9) (gt—aaaz) C+éu-VC
1 ~bot
= —V[(1-6)VC] + (1 - kl)(l + s c)
0

X ((’% - 5) o, (17)
T = mlC, (18)

JZ;(Z?)) u= 7vp +5 (RaT + Ra, Ok
— Ham?(u x k x k). (19)

AR
C=0, ¢=¢o, u-k=0 (z=1). (20)
C=-1, u-k=0 (z=0). (21)
3 RE M
H TR RGN RRE Y, AN A3

T =T(z) +eT(2)e” 1 1 cc., (22a)
C =C(2) +eC(2)e”* 4 cc., (22b)
¢ = ¢(2) +ed(2)e” T 4 cc., (22¢)
u=0+ sé'tAl,(Z)e"HiM7 +c.c., (22d)
p=p(z) +ep(2)e” TR 4 e, (22€)

Hip T(z), C(2), 6(2), p2) Rn LRSS,
T(z), C(2), 6(2), @(z), pEORRMNE; 4=
[i(z),(2),0(2)], 0 =or +inRK/RE MG KR, k
FRAKTFBEL.

3.1 TSR
RALLTFSCHR [6] 7550 RIS R GRS N

T:7(172)+gﬁz(172)+m, (23a)
é:—(1—2)+g(212(1—2)+m7 (23b)

066401-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

$:¢0—f%ﬂ—2%%~, (23¢)
Hrp
S I
P=1-2, ;=1-2,
o ~mLep — (1 - $0)S
(1—¢o)(1 —mLe)’
(A -Le)(1—¢9)S ~bot
N = gm0~k
3.2 MM E

ET 30T, X (19) 28T P UCERE AT LA
KTy p BALRT N

vl ()] -7 R
oT .+a<zgzj_<g2szﬂ+g2y€>k}

5R [8908
. Ra oC ., 0C . (9°C PO
Y0202 T yaz? T \aa2 T By2

— Ham? ow - ow . 82w+82w k
979z 8yaz'7 0x2 = Oy? ’

(24)

P RGL R RN
(0 —6D) (T — ésés) +wDT = (D? — K*)T, (25)
(1= ¢)(o — 6D)C + §2¢DC + »DC
= {DI(1 - §)DC] ~ FD(EDE) ~ K (1 - H)C)

+(1—k1) [5 (1+52 Cb°t+(]> (a—ap)g{s—(séngz],

(26)
(D? — k) [K (¢)w] + k*(RaT + Ra,C) — k*Ham?w
= D{@D[K($)]}, (27)
T =mC. (28)
R
C=0, =0, =0 (z=1) (29)
C=0, =0 (2=0) (30)
b= L
TR ARG (25)—(28) BA W F IR
WL i

Vol. 70, No. 6 (2021) 066401
o=0"+dc" +---, (31a)
Ra = Ra® +6Ra' + - - -, (31b)
Ra; = Ral +6Raj + -, (31c)
T=T+6T" +---, (31d)
C=C%+46C + (31e)
¢ =T+ 50" + (31f)
W =w’+ w4, (31g)
K(¢) =1+ 6K, 4%+ (31h)
K, = %Kl. (31i)
O(%) B il 5 fE
1
D —o')¢? + —w’ =0, 32
(D—0)¢ TFY (32)
0+ 0
2\ 0 B4 10 _
(D —K*)C° = = ot 0, (33)
(D — E*)w® + k*Rad, = k*Ham?w®.  (34)
UR S S|
CO=¢p"=uw’=0 (z=1). (35)
C'=uw’=0 (2=0). (36)
FAUT SR (6] AT AR
c0 = A i sinnmnz, (37)
240
w’ = 7(1 ~ ) sinnmz, (38)
2+ 0
(bO _ _ nTE{(l - (b()) . |:(_1)n+1e—01(1—2)
I+ Q)n2n? + (01)?]
ot
+ cosnmnz + o sin nnz} R (39)
i 2 2
Ral, — 7J(1 ¢0)(J + k*Ham )’ (40)

k2(02, + )

Hop ) J=n?n®+ k> TFEH N o B E
(39) X @ [, T o FLR AR AN . X 2hHE AT

T O6") B AT f ik S5 ki e . O(0" ) Bl

TN

1+ 2 w!
1-— ¢()

(D? — k*)w' + k*Ra,C" = k?Ham?w' + W, (42)

(D* — k*)Ct —

=0, (41)

066401-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 6 (2021)

066401

M
5
+|

g — Lell = do —m(¢ + o)
(1—¢o)(1—¢o —miLer)

W = —Ki(D? - k*)(¢*u’)

+ K1 D(w’D¢?) — k?Ral,C°.
Wit (41) A (42) AT EPESAHS

J(J + k*Ham?)

alRacl = *b k2 (43)
/\q:'
S+ L, n’n’
T T _6<JU N (o)
{ 20! [1 e })
X 1— 3 N (44&)
n?n? + (o)
B 1 K,
b=1-d5—. (44b)
Le [mp — (1 — ¢o)S] (£21 + £21)
_ . 44
=0 go)mbep— (1—g0)8] M9
dy -9 —. (44d)

"~ I'FlmLep— (1 - ¢0)S]

RO (43) FAE THPIRZEE R RGP 45
MYTERRLN, FAES 4 WA TTRE.

4 it

TEREME AT, S TSR Ik S A TR e
PR P ERAIL ], R 8 R A A T T P A O
Ra=0, Rai #0f1 Ra#0, Ra; =0. & L H 14
WR Ra =0, Ra; #0WMEN, BAH RGE R AR
T CXIE A BTER. X T Ra #0, Ray =0 (RIVE
JIR R TIRSAIEBL), AT AR R A ik
AL,

TE RGBT CXIFENATTHERIEN T, T FE
e I Y e IDERE

4.1 E#EHEK (direct modes)

Xt T RS E 19 AR (0, =0, 07 =0),
Hi (43) AT PERRE LR Rayleigh £0C0

_ 1—=¢o J(J + k’Ham?)
2+ Ql k?

1—¢o 1 K, 9
X [14—5 <Ql—|—f21d1 - 21—,)] + O(67).
(45)

1 (45) 2 AT DU HH7E (Rax, k) - 6 19 v
12 TT L7 T 25 RS2 X R (Ran < 0) ks
FasE (Rar > 0) KB, SRR T 20 + 21 1975 5

BT IHERGE (ok <0) RREGERSL (0} >0),
% Rar K GA7

Ra1 =

dRa; _6[2(n2+k2)r< 1— o )2
dO']% ol nk 91+Q1
dl 1172
-l 4
X {01 4(7‘52-1-]62)] C1 ( 6)

i (45) ZUH (46) S ATFE Y, ADRE B AR vk
FesE eI Ze 0o T T 4 FhiF

D)2 +2>0,¢>0,d <0;

2) 4+ >0, ¢ <0, d >0;

3) 214+ 02, <0, ¢1>0, dy <0;

4) 2+ 02, <0, ¢, <0, dy >0.

K 2 251 T7E (Ray, k)T EIXSEHE B0 By
PR E PRI 1550 1): ¢ Ham = 0B 55 3¢k [6] Bt
s C il BUE I R E R R S5t 2 — By, Y
Ham = 5 I 7] DLE HOREROE X0/, X i W #43%
XTI DA e A AR VR R 1B B0 2): fr IRl 2 7]
LUE MBS AR Z 7 T AT E PR, 1%
B 3): TEYH FORORFIRE R A O 5B 4): BPY
Ray > O, th & 2 7T LUF H e i i) i 3 %D RIR 2
ArEMEH. X —45 R 530k [15) FHEUE Ikt
GERGERIIIR DX R A 45 R 2 — B

4.2  #RFHHEK (oscillatory modes)
X T RE IR G (og =0, of #0),
1 (43) A3 PERR EVER) Rayleigh K04

- 1-— J(J + k?Ham?
Ra; = — (’b? (J+ 5 am’)
2+ k

1— 2.2
x|140 ¢9 dq T 5
91 + .Ql TL2TC2 — (O'Il)

x [1 2" 5112“711] _ 11{’1}) +0(62),

n?n? — (o)) 2T

(47)

066401-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 6 (2021) 066401

150 150

(a) — Ham =0 (b) — Ham =0

,,,,,, Ham = 5.00 -—---- Ham = 5.00
100 - 100
50 | 50
S L s
z O g 0
—50 —50
—100 —100
~150 —150
0 2 4 6 8 10 12 14 16 18 0 18
k
150 150
100 - 100
50 | 50
s L s

g O g O
—50 —50

—100f Ham — 0 —100 — Ham =0

c Ham = 5.00 @ Ham = 5.00
—150 L L L L L L L —150 L L L L L L L
0 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
k k
B2 HHEREA AR E M AR TR OE X (BI523840) BB (a) RO 15 (b) 1L 25 (o) 1500 3; (d) 1AL 4
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ation 3; (d) situation 4. The instability region of oscillation mode is the part between solid line (black) and dashed line (red).
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Abstract

During directional solidification of binary alloy mixtures, instability in the solid/liquid interface appears
due to constitutional undercooling. As a result of this instability, a reactive porous medium, namely mushy
layer, is formed, and it separates the liquid phase from the solid phase completely. The intrinsic structure of the
mushy layer is of fine-scale dendritic crystal that shelters solute in the interstitial fluid. In a gravitational field,
the rejection of lighter solute components from an advancing solidification front brings about unstable density
gradient. Ensuing convective motions in the mush are driven by a density difference. The convection can change
the solid matrix of the mushy layer. Hence, the dynamic response of the mushy layer is driven by interaction
among heat transfer, solute transport and convection. As a contactless control tool, external magnetic field can
change the heat and solute transport, which has a significant effect on the phase change process. Therefore,
when magnetic field, thermal diffusion, solute transport and buoyancy convection are considered simultaneously
in the phase transformation process, the mechanism of mushy region will become more complex and interesting.
In this paper, the effect of external magnetic field on the stability of mushy layer during binary alloy
solidification is studied. The coupling effects of magnetic field, temperature field, concentration field and
convection are considered in the model. Including the direct mode and the oscillation mode, the resulting
dispersion relation reveals the influence of magnetic field on the stability of mushy layer through linear stability
analysis. It is found that the Lorentz force can reduce the instability effect which is caused by buoyancy
convection. In the oscillation mode, an external magnetic field brings about a stabilizing effect on the mushy
layer, but in the direct mode, the effect of external magnetic field on stability of the mushy layer is uncertain.
In conclusion, the finding in this paper provides an important theoretical reference for improving products

quality by applying an external magnetic field in the metals processing industry.
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