
NOTATION 

k(t), heat flux re laxa t ion  function; c~(t), in ternal  energy re laxa t ion  function; T, rod t e m p e r a t u r e ;  0, 
ambient  t e m p e r a t u r e ;  t ,  t ime ;  x, coordinate  along the rod; exx(X, t), s t r e s s ;  u(x, t), d i sp lacement ;  e(x, t), 
deformat ion;  Co = (E/p)l /2,  speed of sound in the rod under i so the rma l  condit ions;  E, e las t ic i ty  modulus;  p, 
densi ty of the m a t e r i a l ;  c~ t, coefficient  of t h e r m a l  expansion; X, the rma l -conduc t iv i ty  coefficient;  a,  t h e r m a l -  
diffusivity coeff icient ;  b, t h e r m a l - a c t i v i t y  coeff icient ;  Cq = (a/Tr)l /2,  veloci ty  of heat propagat ion;  ~-r, heat flux 
re laxa t ion  t ime;  ~(t), unique Heavis ide  function. 
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HYDRODYNAMICS AND HEAT 

IN A SOLIDIFYING MELT 

AND MASS TRANSFER 

P .  F .  Z a v g o r o d n i i ,  F .  V.  N e d o p e k i n ,  
a n d  I .  L .  P o v k h  

UDC 669.18.065:532.5:536.25 

The effect  of na tura l  t h e r m a l  convect ion in a solidifying mel t  on the dis tr ibut ion of an admix ture  
in the liquid and solid phases  as a function of the Lewis and Schmidt numbers  is studied n u m e r -  
ically.  

It is known [1-3] that the hydrodynamics  of the mel t  has an impor tan t  influence on the p r o c e s s e s  of heat 
and mass  t r a n s f e r  in a c rys ta l l i z ing  ingot. The re fo re ,  in an analysis  of the conditions of format ion  of c h e m i -  
cal  nonuniformity  of ingots it is impor tan t  to know the laws of the development  of the convect ive  cu r ren t s  and 
the d is t r ibut ion of the veloci ty  fields in the volume of unsotidified metal .  

The re  a r e  s e v e r a l  na tura l  causes  producing the mixing of the liquid me ta l  during its c rys ta l l i za t ion :  

1) na tura l  t h e r m a l  convect ion of the mel t  owing to its t e m p e r a t u r e  nonuniformity;  

2) shr inkage  of the meta l  during sol idif icat ion caused by the di f ference in densi t ies  of the liquid and 
solid phases  ; 

3) concent ra t ion  convect ion due to the nonuniformity of the concentra t ion of the admix tu re  in the mel t ;  

4) the fo rmat ion  of nuclei  of the solid phase  at the c rys ta l l i za t ion  front and the i r  d e s c e n t a l o n g t h e c r y s t a l -  
l izat ion boundary.  

One of the main  causes  of mixing of the mel t  in the p roces s  of its c rys ta l l i za t ion  is na tura l  t h e r m a l  con-  
vect ion [1], the invest igat ion of which is a complex and impor tan t  p rob lem.  

The p r o b l e m  of the dis t r ibut ion of an admix ture  in a solidifying mel t  is solved for the mos t  par t  in a one-  
d imensional  formula t ion  and without a l lowance for  t h e r m a l  convection, which is evidently connected with the 
absence  of analyt ical  methods for solving nonsteady nonlinear  d i f ferent ia l  equations of t r a n s f e r  of  an admixture  
in regions  with moving boundaries  under conditions of convect ive motion of the solidifying melt .  In this con-  
nection the influence of na tura l  t h e r m a l  convect ion on the distr ibution of an admix ture  in a solidifying mel t  has 
been studied insuff icient ly and requ i res  addit ional r e s e a r c h .  

A rec tangu la r  region,  semi inf in i te  along the horizontal  coordinate  no rma l  to the plane of the c ro s s  s e c -  
tion, is analyzed for  a study of t h e r m a l  convection and its influence on the p r o c e s s e s  of t r a n s f e r  of an admix-  
tu re  in a solidifying melt .  The region is filled with a mel t  (of low-carbon  steel) with an init ial  t e m p e r a t u r e  
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higher  than the c r y s t a l l i z a t i o n  t e m p e r a t u r e  and with a s m a l l  ini t ia l  content  (0.1-0.2% by weight) of  a d i s so lved  
admix tu re  (carbon).  

At  a t i m e  d i f ferent  f r o m  ze ro  the t e m p e r a t u r e  of  the boundar ies  of  the  reg ion  is ab rup t ly  r educed  to the 
c r y s t a l l i z a t i o n  t e m p e r a t u r e  of  the  mel t ,  as a r e su l t  of  which the sol id  phase  f o r m s  at the p e r i p h e r y  of  the 
r eg ion  nea r  its cool  wal ls ,  while in the liquid phase  convec t ive  mot ion  of  the mel t  a r i s e s  under  the ac t ion  of  
the t e m p e r a t u r e  grad ien t .  Cons ide r ing  the s m a l l  ini t ia l  content  o f  the admix tu re  in the mel t ,  we a s s u m e  that  
the so l id i f ica t ion  boundary  is flat and that the  dens i ty  of  the mel t  v a r i e s  ins ign i f ican t ly  as  a funct ion of  the con-  
cen t r a t i on  of the  admix tu re ,  i .e . ,  concen t r a t ion  convec t ion  is ignored .  

The law of advance  of  the so l id i f ica t ion  boundary  is pos tu la ted  in the f o r m  of a quadra t i c  law, which fol-  
lows f r o m  the solut ion of the Stefan p r o b l e m  with the condi t ion of cons t ancy  of the t e m p e r a t u r e  at the phase  
i n t e r f ace  [4] 

el = It - -  at ] /Fo  and R~ = cq VF-6 (i = 1, 2), 

w h e r e  e i  is the width o f  the liquid zone;  Ri  is the width of  the solid c r u s t ;  a 1 and a 2 a r e  the coef f ic ien ts  of  
sol idi f icat ion.  

Having defined the c h a r a c t e r i s t i c  ve loc i ty  and the c h a r a c t e r i s t i c  p r e s s u r e  d i f f e r ence  by the e x p r e s s i o n s  

D D z 
go=Z0; Po ~oU~:9o x~' 

we wr i te  the s y s t e m  of N a v i e r - S t o k e s  equat ions ,  t aken  in the Bouss ine sq  approx ima t ion ,  of heat  t r a n s f e r ,  
m a s s  t r a n s f e r ,  and cont inui ty  in d imens ion l e s s  f o r m  as fol lows:  

aV 
8Fo" 4- (Vv)V = - - V ~  + ~Sm2 Gr 0 + SmA 17; (1) 

aO 1 
+ (Vv)@ = - -  hO; (2) 

OFo Lu 

"aS 
0Fo " - ( V v ) S =  AS; (3) 

v V = 0. (4) 

The s y s t e m  of  equat ions (1)-(4) is supplemented  by the following boundary  condi t ions :  ini t ia l  condi t ions  

V'IFo=o = O, OiFo=0 = 1, SIFo=o = 1; (5) 

boundary  condi t ions  for  the ve loc i ty  componen ts  

VI[~,=R, = VII ~,=~, = V,k~=R, = V,I ~=~: = 0, (6) 

V2Im=R, = V2I re=e, = V2[n,.=,% = V2I n,=e,~ = O. (7) 

Since the mel t  conta ins  a s m a l l  amount  of  the admix tu re ,  the t e m p e r a t u r e  at the so l id i f ica t ion  boundary  
is roughly  a s s u m e d  to be cons tan t  and equal  to the  c r y s t a l l i z a t i o n  t e m p e r a t u r e  of the mel t  

o h , = a ,  = e l  ~,=~, = OI,,~=R~ = e l  ~,=~. = O. (8)  

The boundary  condi t ions  for  t h e  concen t r a t i on  of the a d m i x t u r e  a re  wr i t t en  down on the bas i s  of the equa-  
t ions  of  ba lance  of  the  admix tu re  at each boundary  of  the r e g i o n ,  neglec t ing  the di f fus ion of  the admix tu re  in 
the sol id phase  in c o m p a r i s o n  with tha t  in the liquid phase  

= R; (I -ko) s I ; (9) 
- -  011 t [~=~, ~ , = R ,  

0S t J 
_ = ~ (1 - -  ko) s [ ; ( l O )  0111 I n,=e~ ~ m=~,  

O_SS .,=R :=R.. 2 (1--k o) S ' (11) 
0112 , . {n~=R, 

OS i = e~ (1 - - / % )  S I ( 1 2 )  

! 

w h e r e  e i  = d e i / d F o ;  R i = d R i / d F o  a r e  the r a t e s  of  advance  o f  the phase  in t e r f ace  boundar ie s  (i = 1, 2). The  width 
of the reg ion  is chosen  as the c h a r a c t e r i s t i c  s ize .  
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The p r o b l e m  is formula ted  using the Fou r i e r  diffusion t ime  Fo = Dt/X~, which leads to the appearance  in 
the initial equations of the Lewis (Le) and Schmidt (Sin) number s ,  whose effect  on the veloci ty ,  t e m p e r a t u r e ,  
and concentra t ion  fields in c rys ta l l i z ing  mel t s  is s t i l l  inadequately studied. 

For  fu r the r  t r an s fo rm a t i ons  we introduce the cur l  of the veloci ty  ~,  the s t r e a m  function ~, and the new 
va r i ab le s  g~ and g2 which accompl i sh  the t rans i t ion  f r o m  a r ec tangu la r  region with moving boundaries  to the 
region of a unit squa re  [5] 

aq, a, 
V~-- &l~ ' V = = - -  &ll ' (13) 

= rot V; (14) 

; 
~1 ---- e t -- R, .~2 e 2 -- R2 (15) 

An implicit finite-difference system of variable directions (a longitudinal-transverse system [6]) is used 
for the numerical realization of the system of equations (1)-(4) with the boundary conditions (5)-(12) on a 

computer. Uniform coordinate and time (w h and Foh) grids are introduced in accordance with this. Taking the 
numbers of the partitions of the region along the coordinates ~ and ~2 as equal (J=M), we have 

% = ' ~ = ih ,  ~,. = m h ;  h =  j - -  M > 0 ;  

= 0 ,  1, 2 .... J; r n = 0 ,  1, 2 .... ~}; (16) i 

F % =  F o =  , ,y; "~=A-~- ;  0 < A < t j .  
1=0 

With al lowance for Eqs. (16) and (17) the region of the  continuous a rgument  is rep laced  by a region of a 
d i s c r e t e  a rgument ,  the different ia l  ope ra to r s  a r e  rep laced  by difference o p e r a t o r s ,  and the difference analog 
of the boundary conditions is formulated.  

Equations (1)-(4), with al lowance for  Eqs.  (13)-(15) and using the method of f rac t ional  s teps and the i r  
s epa ra t ion  with r e s p e c t  to the coordinates  [7], take the f o r m  

'a -~  /' = Sm (02~- t SmZGr t aO I , { x (18) 

0 ,5  �9 R= , .... 

~)i,,,, --O,0.5~ ..... , ez--R,1 [ I ( a ~ ) e _ ~ _ ~  ~ ,.,. - -  : I ( e " - -R : ) - -R~ ]  X 

x = ka~lJ i,., Lu (e I - -  RI) 2 \ a~ ]~... 

(19) 

(20) 

0.5"~ ~=--R2 ~ < 2  J, .... ~ 2 ( . 2 - - R ; ) + R ~  • 

' 0 6  1 026  , 
j.,,," (21) 

Si,m - -  S~,rn 
0.5~ 

X ~ i,m (81- -R1)  2 GO~ ]i.rn; (22) 
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0.5z 
] W)�9 • 

(23) 

, i n+@ 1 
"~---~- . n+ 1 o n +  1 s n +  1 w h e r e  ~ = ~ ; 0 = 0 ~ ;  S = S n ;  ~= ~ - ; e ) =  O ; g =  S ~ + - ~  ~ = ~ " ~ =  " 

The d i f f e r ence  a p p r o x i m a t i o n  of the b o u n d a r y  condi t ions  is made ,  with the bounda ry  condi t ions  for  the 
c u r l  of the ve loc i ty  and the  c o n c e n t r a t i o n  being obta ined  through the e xpa ns i on  of t hese  funct ions  in  a T a y l o r  

s e r i e s  in  the ne ighborhoods  of the r e s p e c t i v e  b o u n d a r i e s ,  us ing  the i n i t i a l  bounda ry  condi t ions  (6)-(7) and (9)- 
(12), as wel l  as Eqs .  (3)-(4). 

In i t i a l  condi t ions  : 
o o 0 9 1" S ~ g'i,,,~ = 0; q0z.~ = 0; ,.~ = , ~.,,~ = 1. (24) 

Bounda ry  condi t ions  for  the  s t r e a m  funct ion:  

~o,m : ~I.,~ = ~'i, o = r 1 = O. (25) 

Boundary  condi t ions  for the c u r l  of the ve loc i ty :  
2 

q~,o = -~ ~ ~i,1 ; (26) 

2 
(R,M = ~ ~i, M-,; (27) 

2 
q~0.M = -  h- ~ r (28) 

2 
r = - -  h- ~ ~s- , ,  m. (29) 

Boundary  condi t ions  for  the c o n c e n t r a t i o n :  

S 0 ,  m ~- 

, h z S,,m ~- T S o , m  

h 2 ; 2  ,a t ~ 
1 - - h R i K + y  ( T  + R ~  K / 

(30) 

ha S S J - l , m +  ) -  j .... 

~j,m = ; (31) 
l+he'iK+-ff + e 2  K 

Si. I + __h2 Si. 0 
T 

Si, 0 = ; (32) 
h*" ~K ) 1--h ;K ( 2 + 

h 2 _ 

Si. M-I + - -  Si,~, 

Si..~l = h 2 [ 2 . ' (33) 

where  K = 1 -- k 0. 

As the method of c o n s t r u c t i n g  the d i f f e rence  s y s t e m s ,  on the ba s i s  of the a c c u r a c y  r e q u i r e m e n t s ,  we use  
the i n t e g r o i n t e r p o l a t i o n  method developed by S a m a r s k i i  [6], as a r e s u l t  of which the s y s t e m  of equa t ions  (18)- 
(23) and the  b o u n d a r y  condi t ions  (24)-(33) a r e  reduced  to a s y s t e m  of t r i a l - r u n  equat ions  which is r e a l i z e d  on a 

Dnepr -21  compu te r .  

F r o m  the  condi t ions  of m a t h e m a t i c a l  s t ab i l i t y  and su f f i c ien t ly  high compu ta t i on  a c c u r a c y  a spa t i a l  g r id  
32 x 32 in  s i ze  with A = 0.0008 is  e s t ab l i shed  as a r e s u l t  of  a n u m e r i c a l  e xpe r i me n t .  

The in f luence  of the Lewis and Schmidt  n u m b e r s  on the p r o c e s s e s  of heat  and m a s s  t r a n s f e r  in  a s o l i d i '  
fy ing ingot  is  s tudied  for a me l t  of l o w - c a r b o n  s t ee l  with the fol lowing p a r a m e t e r s :  G r = 0 . 2 .  107; k0=0.5 ;  ~1 = 

~2= 10; I2=3. 
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, 1 

Fig .  1 
..',, ?,2 2~ ;5 2-: 22 ~* ~6 ',f~ 9.g O,g O,g F~ 

Fig. 2 

Fig .  1. In f luence  o f  Lewis  n u m b e r s  on i s o l i n e s  of  the  s t r e a m  func -  
t i ons  (a and b),  on the  t e m p e r a t u r e  f i e ld  (c and d), and on the  c o n -  
c e n t r a t i o n  f ie ld  (e and f) a t  t he  t i m e  Fo = 0.32 �9 10 -4 fo r  a Schmid t  
n u m b e r  S m = 9 0 :  a) L e = 0 . 2 4 " 1 0  -2, ~ 1 = 0 . 8 ' 1 0 4  , ~2=0 .5"104  ,$3 = 
0.3 �9 104 , ~ 4 = 0 . 1 . 1 0 4 ;  b) L e = 0 . 0 1 2 ,  $1=0.42 " 104 , r  �9 104 , 

r = 0.7"103; c) Le = 0 .24 .10 -2 , |  = 0.99, @2 = 0.97,  | = 0.84, | = 
0.5; d) Le = 0.012, @1 = 0.99, 8 2 = 0.94; e) Le = 0 . 2 4 . 1 0  -2 , S 1 = 1, S 2 = 
1.06, S 3 = 1.09; f) Le = 0.012,  S 1 = 1, S 2 = ] .02 ,  S 3 = 1.1, S 4 = 1.15. 

F ig .  2. V a r i a t i o n  in the  t i m e  of  the  m a x i m u m  va lue  of  the  v e l o c i t y  
c o m p o n e n t  V 2 for  the  d e s c e n d i n g  c u r r e n t  a s  a func t ion  of  the  Lewis  
a n d S c h m i d t n u m b e r s :  1) L e = 0 . 2 4 . 1 0 - 2 ;  S m = 9 0 ;  2) L e = 0 . 0 1 2 ;  
S m = 9 0 ;  3 ) S i n = 9 ;  L e = 0 . 2 4 " 1 0 - 2 ;  4 ) S i n = 9 0 0 ;  L e = 0 . 2 4 " 1 0  -2. 

The a u t h o r s  d i s c u s s e d  the  i n f luence  of  the  G r a s h o f  n u m b e r s  on t h e s e  p r o c e s s e s  e a r l i e r  [5]. 

An a n a l y s i s  of  F ig .  1 shows  tha t  with an  i n c r e a s e  in the  Lewis  n u m b e r  one o b s e r v e s  a s lowing  t e n d e n c y  
in the  d e v e l o p m e n t  of  t he  v e l o c i t y  f ie ld  (F ig .  l a  and b) and a c c o r d i n g l y  in tha t  of the  t h e r m a l  (F ig .  l c  and d) and 
c o n c e n t r a t i o n  (F ig .  l e  and f) f i e l d s .  In the  p r o c e s s  an i n c r e a s e  o c c u r s  in the  t i m e  s e g m e n t  of  the  a c c e l e r a t i o n  
to the  m a x i m u m  v a l u e  (Fig .  2), which r e m a i n s  a p p r o x i m a t e l y  the  s a m e  fo r  a l l  L e w i s  n u m b e r s  in the  i n t e r v a l  
s t ud i ed  (Le = 0 .0024-0 .012) .  

Th i s  p r o p e r t y  of the  d e v e l o p m e n t  of t h e r m a l  c o n v e c t i o n  with v a r i a t i o n  in the  L e w i s  n u m b e r  is  e x p l a i n e d  
by the  fac t  tha t  m e l t s  with a low t h e r m a l  c o n d u c t i v i t y  c o r r e s p o n d  to l a r g e  Lewis  n u m b e r s ,  a s  a r u l e ,  so tha t  
the  t i m e  of e s t a b l i s h m e n t  of  the  t e m p e r a t u r e  g r a d i e n t ,  which d e t e r m i n e s  the  m a x i m u m  v e l o c i t y ,  i n c r e a s e s .  

F r o m  an a n a l y s i s  of the  c o n c e n t r a t i o n s  of the  a d m i x t u r e  at  the  p h a s e  t r a n s i t i o n  b o u n d a r y  ( see  T a b l e  1) i t  
fo l lows  tha t  an i n c r e a s e  in the  Lewis  n u m b e r  has  an ef fec t  on the  d i s t r i b u t i o n  of the  a d m i x t u r e  s i m i l a r  to the  
e f fec t  of  the  G r a s h o f  n u m b e r  [5], i . e . ,  with an  i n c r e a s e  in the  Lewis  n u m b e r  one o b s e r v e s  a d e c r e a s e  in t he  
c o n c e n t r a t i o n  of the  a d m i x t u r e  at  the  p h a s e  i n t e r f a c e  up to a t i m e  c o r r e s p o n d i n g  to ~ 50% s o l i d i f i c a t i o n  o f  the  
l iqu id  m e l t .  The  e x p l a n a t i o n  for  th is  fac t  is  tha t  l a r g e  L e w i s  n u m b e r s  c o r r e s p o n d  to l a r g e  v e l o c i t i e s  o f  the  
c o n v e c t i o n  c u r r e n t s  (F ig .  2, c u r v e s  1 and 2), not count ing  the i n i t i a l  s e g m e n t ,  and th i s  is  the  m a i n  r e a s o n  for  
the  s t r o n g  w i t h d r a w a l  of the  a d m i x t u r e  f r o m  the  p h a s e  i n t e r f a c e  into the  i n t e r i o r  of the  me l t .  

The c o n c e n t r a t i o n  S 1 of the  a d m i x t u r e  in the  s o l i d  p h a s e  is  d e t e r m i n e d  f r o m  the  fo l lowing  e q u i l i b r i u m  
equa t ion  which is s a t i s f i e d  at  the  b o u n d a r y  of the  p h a s e  t r a n s i t i o n  

Sllb = koS[b (34) 

A s tudy  of  the  d i s t r i b u t i o n  of t he  i m p u r i t y  in the  so l id  p h a s e  (F ig .  3a) i n d i c a t e s  tha t  with an i n c r e a s e  in 
Le the  p e r i p h e r a l  s e c t i o n s  of  the  c r y s t a l l i z e d  m e l t  a r e  d e p l e t e d  of the  a d m i x t u r e  and the  a x i a l  zone  of the  
ingot  is  e n r i c h e d  with the  a d m i x t u r e .  Th is  is  exp l a ined  by the d e s c r i b e d  c h a r a c t e r  of  the  b e h a v i o r  of  the  a d m i x -  
t u r e  at  the  b o u n d a r y  of  t he  p h a s e  t r a n s i t i o n  as  a funct ion of Le.  Thus ,  an i n c r e a s e  in the  Lewis  n u m b e r  l e a d s  
to s t r e n g t h e n i n g  of t he  n o n u n i f o r m i t y  of  the  d i s t r i b u t i o n  of the  a d m i x t u r e  o v e r  the he igh t  of the  ingot  and to i t s  
m o r e  u n i f o r m  d i s t r i b u t i o n  o v e r  h o r i z o n t a l  c r o s s  s e c t i o n s  of  t he  s o l i d i f y i n g  m e l t .  
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T A B L E  1. Concen t ra t ions  of  A d m i x t u r e  at P h a s e  
In te r face  fo r  Dif ferent  Lewis  and Schmidt  Numbers  with 
rt2 = 1.5 
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! 
1,8 1,28 
2,2 2 

l 2,34 2,54 
2,36 2,56 
2,68 3,06 

c i 

Fig.  4 

Fig.  3. Dis t r ibu t ion  of the admix tu re  in the sol id phase  as a func -  
t ion of  the Lewis (a) and Schmidt  (b) n u m b e r s :  1) L e = 0 . 2 4 . 1 0 - 2 ;  
2) L e = 0 . 0 1 2 ;  3) S m = 9 ;  4) S m = 9 0 0 .  

Fig.  4. Inf luence of  Schmidt  number s  on is|  of  the s t r e a m  
function (a and b), on the t e m p e r a t u r e  field (c and d), and on the 
concen t r a t i on  field (e and i) at the t ime  F| = 0.32 �9 10 -4 for  the 
Lewis  number  L e = 0 . 2 4 . 1 0 - 2 :  a) S i n = 9 ,  ~ 1 - 0 . 2 9 " 1 0 2 ,  ~2=0.19 �9 
102 , ~a=0.14 �9 101; b) S m = 9 0 0 ,  ~1=0.14 �9 105 , ~2=0.1 -10 9 , ~3=0 .9 .  
10s; c) S m = 9 ,  |  |  |  d) S in=900 ,  |  
|  |  e) S m = 9 ,  S l = l ;  f) S in=900 ,  $1=1 , $2=1.04,  $3= 
1.09. 

The  second  p a r t  of the inves t iga t ions  is devoted to a s tudy of the p r o c e s s e s  of  heat  and m a s s  t r a n s f e r  in 
a sol idifying mel t  under  the condit ions of na tu ra l  t h e r m a l  convec t ion  as a funct ion of the Schmidt  n u m b e r  for a 
Lewis n u m b e r  Le=0 .0024 .  

An i n c r e a s e  in the Schmidt  n u m b e r  p r o m o t e s  the a c c e l e r a t i o n  of  the development  of t h e r m a l  convec t ion  
(Fig. 4a, b), with the t ime s e gm e n t  of the a c c e l e r a t i o n  of the ve loc i ty  to the  m a x i m u m  value  d e c r e a s i n g  and 
the value of  the ve loc i ty  of  convec t ive  mot ion of  the mel t  i n c r e a s i n g  (Fig. 2, cu rves  3 and 4). The s t r en g th e n -  
ing of  t h e r m a l  convec t ion  in the sol id i fy ing mel t  with an i n c r e a s e  in Sm leads to in tens i f ica t ion  of  the  p r o c e s s e s  
of heat  t r a n s f e r  (Fig. 4c, d) and m a s s  t r a n s f e r  (Fig. 4e, f) in the liquid c o r e  of  the reg ion  under  study.  

The behav io r  of the concen t r a t ion  of  the admix tu re  at the boundary  of the p h a s e  t r a n s i t i o n  (see Table  1) 
with an i n c r e a s e  in the Schmidt  number  is s i m i l a r  to the behav io r  of  the analogous  concen t r a t ion  with an 
i n c r e a s e  in the  Grasho f  [5] and Lewis n u m b e r s ,  i .e . ,  one o b s e r v e s  a d e c r e a s e  in the  concen t r a t ion  of the 
a d m i x t u r e  in the f i r s t  half  of the sol id i f ica t ion p r o c e s s  and its i n c r e a s e  at l a t e r  t imes .  

The de sc r ibed  c h a r a c t e r  of  the  d i s t r ibu t ion  of the  admix tu re  at the boundary  of the phase  t r ans i t i on  can 
be explained by the  fact that  up to the t ime  c o r r e s p o n d i n g  to the so l id i f ica t ion  of  ~ 50% of  the mel t ,  the t h e r m a l  
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convection strengthens the t rans fe r  of the admixture f rom the crysta l l iza t ion front into the inter ior  of the melt. 
And the intensification of the process  of withdrawal of the admixture f rom the solidification boundary is the 
main reason for its decrease  at the latter.  

The increase  in the concentrat ion of the admixture following its decrease  in compar ison with the case 
when the rmal  convection is less intense (Sin=9) is obviously explained by the general  sa turat ion of the liquid 
core by the admixture,  which takes place much more  intensively for a melt with Sin=900 than for a melt with 
Sm-- 9. 

An analysis of the graphs of the distribution of the admixture in the solid phase (Fig. 3b) for the case of 
an equil ibrium coefficient (34) shbws that with an increase  in the Schmidt number the e e n t r a l p a r t o f t h e  c r y s t a l -  
lized melt  is enriched with the admixture owing to the depletion of the per ipheral  sections.  

Thus, the pat terns  of behavior of the admixture in a solidifying melt with variat ion in the Lewis, Schmidt, 
and Grashof  numbers  are  s imi lar  in a qualitative respect ,  and therefore  the conclusion drawn in [5] that the 
required degree of purification of an industrial  ingot f rom an admixture can be achieved by controlling the 
intensity of thermal  convection in the liquid core  of the crysta l l iz ing melt is confirmed by the results  of the 
studies presented in the present  report .  

NOTATION 

Xo, Uo, Po, characteristic size, velocity, and pressure; D, coefficient of diffusion of admixture in the 
liquid phase; Po, density of melt at the crystallization temperature; ~= U/~o, dimensionless velocity vector; 
~= P/Po, dimensionless pressure;  e2, unit vector coinciding with the direction of free-fall acceleration; Sm= 
v/D, Sehmidt number; v, kinematic viscosity of the melt; Gr=q(T 0 -Tc)~(3/p 2, Grashof number; q, absolute 
value of free-fall acceleration vector; To, Tc, initial temperature of melt and its crystallization temperature; 
fi, coefficient of volumetric expansion of liquid melt; | = (T - Tc)/(T 0 - Tc) , dimensionless temperature of the 
melt; T, dimensional temperature of the melt; Fo=tD/X], Fourier number or dimensionless time; Le=D/a, 
Lewis number; a, coefficient of thermal diffusivity of the melt; S = C/Co, relative concentration of admixture in 
the melt; C, Co, absolute and initial concentration of admixture in the melt; VI, V2, horizontal and vertical 
velocity components ; ~i = XI/Xo, ~ = X2/Xo, dimensionless horizontal and vertical coordinates ; X i, X2, dimen- 
sional coordinates; ko, equilibrium coefficient of distribution of the admixture. 
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