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Abstract-Rotation used to be thought as an effective method to prohibit the formation of freckles of a 
binary alloy unidirectionally solidified from below, which we will show in the present paper is true only 
under restrictive conditions. A linear stability analysis is implemented for the system consisting a dendritic 
mushy region underlying a bulk fluid region and rotating uniformly about a vertical axis. Emphasis is 
placed on the rotation effects on the competition between the convection modes, which has a direct influence 
on the formation of freckles. Results show that rotation generally enhances the stability of the convection 
modes, but the enhancement is not significant until the rotation speed is very high (such as 10’ rpm), which 
in some sense agrees well with the previous numerical and experimental results. In spite of its ineffectiveness 
as an inhibitory method to the formation of freckles, it is found from the present parametric study that the 
effects of rotation on convection depend largely on the buoyancy ratio .d of the alloy. Both the changes 
of the rotation speed and the buoyancy ratio may lead to a switch of the most critical convection mode, 
which may in turn influence the characteristics of the subsequent plume convection, and thus the formation 

of freckles. Copyright I:(; 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

The chimney-like plume convection in directional sol- 
idification of binary alloys has attracted great research 
efforts in the past three decades (see, for example, refs. 
[l-l 31 and the references therein) owing to its analogy 
to the freckle (or macrosegregation), which has a det- 
rimental influence on the mechanical strength of cast- 
ings. The formation of plumes (or freckles), as pointed 
out in a weakly nonlinear analysis by Amberg and 
Homsy [lo], can be a result of the mushy-layer mode 
convection, a convection circulating between the bulk 
fluid and the mushy regions ; which was also sup- 
ported by the experiment of Tait and Jaupart [7]. In 
a study including both theoretical and experimental 
approaches, Chen et al. [ 131 found that the salt-finger 
type boundary-layer mode convection, a convection 
of small wavelength prevailing above the melt-mush 
interface, is generally more unstable than the mushy- 
layer mode convection, as used to be observed in 
experiments. They, nevertheless, inferred further that 
the plumes observed in experiment are induced by 
the subcritical mushy-layer mode convection, which 
occurs under the strong perturbation imposed by the 
nonlinear salt-finger convection. As a result, the 
upward flow of the mushy-layer mode convection car- 
rying colder and less concentrated fluid equilibrates 
its temperature with the surrounding fluid in the mush, 
leading to the local remelting of crystal and the for- 
mation of plumes. 

_ 
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Although in the experiment the boundary-layer 
mode convection used to occur prior to the mushy- 
layer mode convection, under some circumstances, 
however, the latter can be more unstable than the 
former [ 131. For example, for an alloy of small E (the 
inverse of Lewis number) or for an alloy having a 
dendritic mush of large permeability, the onset of con- 
vection is largely confined to the mushy region and 
therefore the mushy-layer mode prevails. Conse- 
quently, the plume convection may occur without salt- 
finger beforehand. In such a case, the onset of plume 
convection is linear, which occurs under small per- 
turbation. The competition between the boundary- 
layer and mushy-layer modes decides the sequence of 
the occurrence of the two convection modes, directly 
influencing the characteristics of the subsequent plume 
convection and thus the formation of freckles. 

Because of the deleterious effects of freckles on the 
strength of alloys, the measures to prevent the for- 
mation of freckles became a major goal to reach in 
solidification research. In terms of the inhibitory 
method, rotation has been one of the choices for quite 
a long time. The effects of rotation on solidification 
was first discussed by Shulz-DuBois [ 141. Kuo et al. 
[15] conducted experiments on PbSn alloys and 
found that modest rotation speed about a vertical 
axis can reduce macrosegregation in all ingots studied. 
Sample and Hellawell [3] rotated the casting mode 
about an axis inclined between 0 and 30”, effectively 
prevented the formation of freckles under a very low 
rotating speed (less than 5 rpm). In an analytical 
study, Oztekin and Pearlstein [ 161 discussed the Cori- 
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NOMENCLATURE 

concentration 
concentration of eutectic solid 
concentration at z = co 
concentration of solid 
specific heat 
differential operator d/dz 
solutal diffusivity 
unit vector of vertical axis 
gravitational acceleration 
constant 
characteristic length K~/ V 
height of mushy region 
latent heat of melt 
unit vector normal to the interface 
pressure 
solutal Rayleigh number of the fluid 
region, equation (7) 
thermal Rayleigh number of the fluid 
region, equation (7) 
solutal Rayleigh number of the mushy 
region, equation (7) 
critical solutal Rayleigh number 
temperature 
Taylor number in the fluid region 
(2H*.Q,/v)’ 
liquidus temperature 
temperature at 2 = co 
Taylor number in the mushy region 

(2IW”/v)* 
time 
velocity vector (u, v, W) 
planar velocity vector (u, u) 
velocity of interface 
small disturbance vertical velocity 
vertical axis. 

Greek symbols 
.r9 buoyancy ratio l%*//l 
CI horizontal wave number of normal 

mode 

critical wave number 
thermal expansion coefficient 
fl*-I-a* 
solutal expansion coefficient 
concentration ratio (C’s - C,)/AC 
porosity 
basic state porosity 

C,-CE 
I-AC or TL( C,,) - TE 
inverse Lewis number DJK~ 

small disturbance of interface position 
Stefan number L/(&&AT 
Darcy number H*/II, 
thermal diffusivity 
Beavers-Joseph constant 
slope of liquidus, a constant 
kinematic viscosity 
angular velocity 
frequency of normal mode, 
w = w,+ io, 

permeability function 
reference permeability 
density 
reference density 
Prandtl number V/K~ 

dimensionless or small disturbance 
concentration 
basic state concentration in the fluid 
region 
dimensionless or small disturbance 
temperature 
basic state temperature in the fluid 
region 
basic state temperature at the melt- 
mush interface 
dimensionless temperature at z = cc 
basic state temperature in the mushy 
region 
small disturbance vorticity 
d~jii.~ - aday. 

J 

olis effect on the convective stability in a plane-front 
solidification of dilute PbSn binary alloy. Neilson 
and Incropera [17] concluded from a nonlinear com- 
putation that the formation of freckles can be pre- 
vented when the casting mold is rotating about a ver- 
tical axis with a speed-up and speed-down cycle while 
a steady rotation up to 120 rpm is not sufficient to 
alter the convective flow. 

Previous results [ 15, 171 suggest that small rotation 
speed cannot effectively prohibit the formation of 
freckles. Since the consequence of the competition 
between the two convection modes influences directly 
the formation of freckles, and under rotation, the 
competition may change, we thus conduct the present 

study in which a linear stability analysis is 
implemented for the convection in the system con- 
sisting a dendritic mushy zone and a semi-infinite fluid 
region. The system rotates about a vertical axis with 
a constant angular velocity. The effects of rotation 
on the stability of the two convection modes will be 
examined systematically. Physical mechanisms cor- 
responding to the rotation effect on the convection 
mode will be discussed. In the following paper, the 
mathematical formulation and small perturbation 
equations are presented in Sections 2 and 3, respec- 
tively. The numerical results and discussion are shown 
in Section 4 and several concluding remarks are given 
in Section 5. 
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Fig. I. Schematic description of the physical domain 
considered. 

2. MATHEMATICAL FORMULATION 

Consider that a binary alloy of concentration 
C,,( > C,) and temperature T, is unidirectionally sol- 
idified from below, in which a dendritic mush forms 
between the eutectic solid and the semi-infinite bulk 
fluid (Fig. 1). Assume that both the solid-mush and 
the mush-fluid interfaces move upwards with a con- 
stant velocity V and the system rotates uniformly 
about the vertical axis z with a constant angular vel- 
ocity a,. To describe the fluid motion in such a system, 
two sets of equations are required, one for the fluid 
region and one for the mushy region. Each set includes 
the conservation of mass, momentum, heat, and 
solute. In the momentum equations Boussinesq 
approximation is employed ; namely, the density of 
the fluid is assumed to be constant except in the gravity 
term, in which the density is a function of temperature 
and concentration 

P = PO11 -cc*[T-T,(C,)I+P*[C-C,lJ. (1) 
We non-dimensionalize the fluid velocities with V, 

distances with K~V, time with K~/V’, angular velocity 
with R,, and pressure with BACpdgrcJV, in which 
/J = /Y* -I-a*, and AC = C, - C,. By taking the Gal- 
ilean transformation with respect to the moving inter- 
face, we obtain the following dimensionless equations. 
In the fluid region h < z < co, we have 

v-u=0 (2) 

(4) 

In the above equations, the dimensionless temperature 
and concentration are defined as 

Q = T- TL(Crn) 
AT 

@ = c-c, 
AC (6) 

AT = I-AC = TL(Cm) - TE, TL(Cn) is the liquidus 
temperature corresponding to C,, R, and R, are ther- 
mal and solutal Rayleigh numbers given by 

R =gc(*ATH3 
t 

R =gB*ACH’ 
c (7) 

KfV KfV 

and 7’, = (2H’n,/~!)~ is the Taylor number in the fluid 
region. In the mushy region 0 < z < h, we have 

v*u=o 

” JTm __ = ---uxee;-R,(Vp+Qe,) 
II(x) X 

where % = (Cs- C,,)/AC is the concentration 
and R, is the Rayleigh number for the mushy 
given by 

R, = 
gBAC&H 

“GV 

(8) 

(9) 

(10) 

(11) 

ratio 
layer 

(12) 

and T,,, = (2fi,II,,j~)~ is the Taylor number in the 
mushy region. The Rayleigh numbers in the fluid can 
be replaced by the Rayleigh number in the mush with 
the relations R, = .d.Yf’R, and R, = (I+ d)X’R,,,, 
where d = I-X*/~ is the buoyancy ratio, accounting 
for the ratio between the buoyancy due to thermal 
expansion to that due to solutal expansion. The 
Taylor numbers of the fluid and mushy regions have 
the relation T, = S’T,. The dimensionless per- 
meability function II(x) is an arbitrary function of the 
porosity x, which we consider II(x) = x3 [8] for the 
present study. The thermodynamic equilibrium con- 
dition holds in the mushy layer [13], in which the 
liquidus relation Q = 0 is applied. The solutal 
diffusion of the mush is assumed to be zero because it 
is indeed very small [8]. 

The boundary conditions at z + co are 

0 = Q<, o=o u=o (13) 

at the melt-mush interface z = h are 

Q=O n*VQ=n*VO [n-u]=0 

[Q] = 0 [n*VQ] = 0 x = I [p] = 0 

%I,* = A&&+ -U2L) 
(14) 

where the square brackets denote the jump of the 
enclosed quantity across the interface, and II> is the 
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plane velocity vector (u, v). For the physical meaning 
of equation (14) the reader is referred to Chen et a/. 
[13]. The constant A of equation (14) is determined 
experimentally to be 0.1 < A < 4 [IS], and we assume 
A = 0.1 for the present study. The interface position 
h is to be determined as part of the solution. At the 
mush-solid interface z = 0 we have 

0=-l v=o (15) 

where T = TE is assumed and non-penetration con- 
dition is applied. 

3. SMALL DISTURBANCE EQUATIONS 

Since rotation does not alter the basic state, the 
motionless basic state is therefore the same with that 
shown in, for example, Worster [8]. The equations in 
Section 2 are linearized by introducing small dis- 
turbances to the basic state quantities, substituting 
their combination into the original equations and neg- 
lecting higher order terms of small disturbance quan- 
tities. After introducing the normal modes pro- 
portional to e ‘“‘+‘ax into the linearized equations, the 
small disturbance equations are obtained as follows. 
In the fluid region, we have 

n’+;(D-~)-a’ [ = -&DW (16) 
I 

[D’+D-w-a’& = 0;W 

[&Dl+D-W-&d]@ = 0;w 

(17) 

(18) 

D’+;(D+a’ (D2-a2)W 
I 

= fiD[+a’[R,&R,O]. (19) 

In these equations, the notations W, B, 0 now rep- 
resent small disturbance quantities, 19~ and Or are basic 
state temperature and concentration, respectively [8]. 
both D and ’ denote d/dz, and [ = au/ax - &jay is the 
small disturbance vorticity. Similarly, in the mushy 
region we have 

(D’+D-co-a2)0+F(D-w)x = &,,W (20) 

[x~(D-w)+x~]~+[(~,-~)(D-~)+~~]x = &nW 

(21) 

D w- Wx) 
L W = a2 R,0. (22) 

In equation (21) the liquidus relation 0 = 0 has been 
applied, Q,,,, x,,, are basic state solutions in the mushy 
region [8]. 

The boundary conditions at z -+ cc are 

8=0 @=O W=O DW=O [=O (23) 

at z = h are 

I!?=@ DO-Do= 

[Cl]=0 [De]= -21, x=+&l, 

‘DW+JT,[ 
n(l) 1 h- 
= -G[(D2-3a’)DW+i(D-iu)DW-fi[ 1 h+ 

D2 WI,?, = A 
J 

&(DWli+ -DWL) 

D51 -A fl+ - -J%wI~-) (24) 

and at z = 0 are 

Q=O w=o (25) 

where 9 is the small perturbation of the interface 
position, 8, is the basic state temperature at the melt- 
mush interface, and x = 1 at the melt-mush interface. 
Equations (16))(25) consists of a complex eigenvalue 
problem, having totally 15 orders of differentiation 
along with 16 boundary conditions, in which the 
second part of equation (24) is employed to solve the 
disturbance melt-mush interface position q. We solve 
this complex eigenvalue problem with a shooting 
method. For details of the numerical method the 
reader is referred to Chen et al. [I 31. 

4. RESULTS AND DISCUSSION 

Equations (16))(25) contains several physical par- 
ameters needed to be determined for analysis. In the 
present paper, we consider 9 = V = 0, = 1, D = 10, 
E = 0.025 and rl” = 10’ for a special alloy. The physi- 
cal meaning of the above parameters and their cor- 
responding influence on the stability of convection 
have been discussed in Chen et al. [ 131. The buoyancy 
ratio d, significantly influencing the stability of the 
convective modes, is left as a free parameter so that its 
effect can be studied. The Taylor number, essentially 
representing the rotation speed, is another parameter 
to be examined systematically. The Rayleigh number 
and the wavenumber are the two parameters to reflect 
the stability of the convection. The frequency ~1 of the 
normal mode accounts for the intrinsic characteristics 
of the instability mode, which is real when the mode 
is steady and is complex when the mode is oscillatory. 

Physically, the buoyancy ratio d accounts for the 
ratio between the buoyancy due to thermal expansion 
to the buoyancy due to solutal expansion. For .d = 0, 
the buoyancy due to thermal expansion disappears 
from the system; namely, the interaction between 
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Fig. 2. The neutral curves for various T, when & = 0. 

thermal and solutal gradients is eliminated from the 
system; the flow is a compositional convection. For 
.d > 0, both thermal and solutal gradients effectively 
influence the system and the flow is a double-diffusive 
convection. For the influence of d on the stability of 
the convective modes, Chen et al. [13] concluded that 
increasing ~4 enhances the stability of the mushy- 
layer mode which leads to a less stable boundary-layer 
mode except at very small d. This conclusion in fact 
becomes more obvious when rotation is applied, 
which will be discussed in the following. 

Figures 2 and 4-6 illustrate the neutral curves for 
four different d (0,O. 1,0.3 and 0.5) when T, increases 
from 0 to about 108. For JZ? = 0 (Fig. 2), the onset of 
convection is steady (wi = 0) for all T, considered. 
For T, = 0, the mushy-layer mode (a’ = 1.76) is more 
unstable than the boundary-layer mode (a’ = 11.1). 
Figure 3 shows the onset flow patterns for these two 
modes. The boundary-layer mode (solid lines) lies 
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Fig. 4. The neutral curves for various r, when .d = 0.1. 
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Fig. 5. The neutral curves for various T, when d = 0.3. 

Fig. 3. The onset streamline pattern of the mushy-layer mode convection (shadowed) and the boundary- 
layer mode convection (solid curve). The mushy-layer lies below the boundary-layer mode cells. The 

wavelength of the convection mode is scaled with respect to the height of the mushy-layer. 
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Fig. 6. The neutral curves for various T, when d = 0.5. The solid curves account for the steady mode 
(w, = 0), the dotted curves account for the oscillatory mode (0, # 0), and the dashed curve accounts for 

the frequency of the oscillation w,. 

above the melt-mush interface, having a character- 
istic length scale about the thickness of the compo- 
sitional boundary-layer [8]. The mushy-layer mode 
(shadowed), having a scale about the thickness of the 
mushy-layer, consists two separated cells, one setting 
above the melt-mush interface and the other lying 
mostly within the mush. The two cells circulates in 
the opposite directions, affecting each other through 
viscous shear force. As T, increases to 102, the bound- 
ary-layer mode becomes more unstable than the 
mushy-layer mode. For T, = 104, the local minimum 
of the neutral curve for the mushy-layer mode in 
essence disappears and the boundary-layer mode is 
the most critical one. 

Results of Fig. 2 show that rotation stabilizes both 
the boundary-layer and the mushy-layer modes while 
virtually makes no change on their wavelength. This 
stabilizing effect is more to the latter than to the 
former. To explain this, we realize that for & = 0 the 
thermal gradient effect is absent from the system and 
only the solutal gradient is destabilizing the motion- 
less basic state, against the stabilizing viscous force. 
The destabilizing solutal gradient induces a buoyant 
flow moving vertically, which is suppressed by 
rotation through the so-called Taylor-Proudman 
mechanism, which as described by Chandrasekhar 
[19] that a steady fluid motion parallel to the axis of 

rotation is prohibited by rotation. Besides, the vertical 
motion of the mushy-layer mode convection is 
reduced more by rotation than that of the boundary- 
layer mode because the circulation region of the for- 
mer is larger. 

For .d = 0.1 (Fig. 4), the double-diffusive effect 
comes into play. Rotation stabilizes more the bound- 
ary-layer mode than the mushy-layer mode, reduces 
largely the wavelength of the boundary-layer mode 
while makes virtually no change on the mushy-layer 
mode. Results of Fig. 4 suggest that the stability 
characteristics for d = 0.1 are very different from the 
case of icp = 0 while are quite similar to those for 
d = 0.3 (Fig. 5) and d = 0.5 (Fig. 6). Special atten- 
tion should be paid to Fig. 6 when T, = 0 the neutral 
curves of the two modes are separated, but connected 
by a curve (dotted curve) accounting for the oscil- 
latory mode (w, # 0), which is a Hopf bifurcation of 
the steady modes. The oscillatory curve penetrates 
into the region enclosed by the steady curve of the 
boundary-layer mode, sitting very close to the upper 
part of the enclosed curve. In the same figure, the 
dashed curve represents the frequency of the oscil- 
lation (w,), which increases with the wave number CI. 
As T, > 0, the oscillatory curve diminishes, the two 
steady curves of the mushy-layer mode and the bound- 
ary-layer mode join together. The suppression of the 
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Fig. 7. The variations of R’, with d for four different T,: (a) T, = 0; (b) T, = 10’; (c) T, = 5 x IO’; (d) 

Ta = 10”. -@--, the mushy-layer mode; -m--, the boundary-layer mode. 

oscillatory mode convection due to rotation agrees 
well with the conclusion of Weber et al. [20] that the 
unsteady convection can be forced to become steady 
just by increasing the centrifugal acceleration. Under 
rotation, both the mushy-layer mode and the bound- 
ary-layer mode increase their stability as T, increases 
while the latter becomes more stable relative to the 
former. 

To examine the effect of d under rotation, we show 
in Fig. 7 the variation of RF, (the local minimum of 
the neutral curve of the convection mode) with .d for 
four different T, (0, 106, 5 x lo’, 108). For T, = 0 [Fig. 
7(a)], the Rk of the mushy-layer mode increases with 
.d while that of the boundary-layer mode generally 
decreases slightly with & except at small d (see also 
Chen et al. [13]). To explain this, Worster [8] argued 
that to the mushy-layer mode large d means to 
impose a stable ‘lid’ on the top of the mushy layer, 
leading to a more stable state. To the boundary-layer 
mode, Turner [21] showed that increasing LZZ tends 
to stabilize the convection but slightly, since thermal 
gradient is a stabilizing factor to the system. This, 
however, is true only for small d of the present 
system. For larger &, the boundary-layer mode is 
destabilized by increasing & (but also slightly) and 
this destabilization is even enhanced as rotation is 
applied. As shown in Figs 7(b)-(d) when rotation is 

brought into effect, the RL of the mushy-layer mode 
increases with ZZI while that of the boundary-layer 
mode decreases with JZ!; both the increase and the 
decrease are magnified when T, is larger. Note that 
for T, < lo6 the boundary-layer mode is more 
unstable than the mushy-layer mode. For 
T, = 5 x 107, the boundary-layer mode is more stable 
when d < 0.28 and becomes more unstable other- 
wise. Similar result is obtained for T, x 108, the switch 
of the critical mode occurs at d = 0.51. 

To examine the rotation effect on the stability of 
the two convection modes, we show in Fig. 8 the Rk 
of both the boundary-layer and the mushy-layer 
modes of four different ZZI (0,O. 1,0.3,0.5). For d = 0 
[Fig. S(a)], the Rf, of the mushy-layer mode does not 
exist for T, 2 lo4 so that only the Rk of the boundary- 
layer mode is shown in the figure, which is mono- 
tonically increasing with T,. For LZ’ = 0.1 [Fig. 8(b)], 
the Rk of the mushy-layer mode does not exist until 
T, 2 106; the convection mode becomes the critical 
one at T, N - 2 x 10’. The R’, for both modes increase 
monotonically with T,. For d = 0.3 [Fig. 8(c)] and 
0.5 [Fig. 8(d)], the RL of the boundary-layer mode 
increases monotonically with T, while that of the 
mushy-layer mode decreases slightly with T, first, and 
turns into an increase function of T, at T, z 106. For 
these two cases of larger d, the mushy-layer mode 
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Fig. 8. The variations of RL with T, for four different &‘: (a) ~4 = 0; (b) .zI = 0.1 ; (c) d = 0.3 ; (d) 

d = 0.5. -@--, the mushy-layer mode ; -m--, the boundary-layer mode. 

replaces the boundary-layer mode, becoming the most 
critical one as T, increases up to 3.4 x 10’ and 
9.9 x lo’, respectively. 

Based on the results shown above, the effects of 
rotation on the convection modes can be summarized 
as follows. First, to the mushy-layer mode, rotation 
does not influence significantly the ~8 for all d con- 
sidered. For d < 0.1 rotation enhances the stability 
(or increases the RL) but slightly. For d 2 0.3 
rotation leads to a smaller Rk when T, < 106, but 
results in a larger Rk otherwise. Secondly, to the 
boundary-layer mode, rotation induces a slight 
increase for both c8 and Rk when d = 0. For 
.d 2 0.1, both CC and Rk increase largely with T,, 
especially at T, > 106. Thirdly, for d = 0, rotation 
stabilizes the mushy-layer mode more than the bound- 
ary-layer mode ; which is opposite for S > 0. Finally, 
and maybe the most important remark, rotation may 
switch the convection mode from one to the other. To 
illustrate this remark, we summarize the T,*, the criti- 
cal T, at which the change of convection mode occurs, 
for various d in Fig. 9. For d = 0, the critical mode 
changes from mushy-layer mode into boundary-layer 
mode at T, x 11. For & > 0, the boundary-layer 
mode prevails when T, < 107. The value of T: gen- 
erally lies between 7 x IO6 and 1 x 10’ when 
0 < d < 0.5. Beyond T,* the critical mode is the 
mushy-layer mode except d = 0. 

0.0 0.1 0.2 0.3 0.4 0.5 

A 

Fig. 9. The critical T$ at which the switch of the convection 
mode occurs. For ,zi’ > 0, the region under the curve is for 
the boundary layer mode and the region above the curve is 
for the mushy-layer mode. For x2 = 0, the mushy-layer mode 
is the most unstable when T, < 11, shown by a solid circle, 
and the boundary-layer mode is the most unstable otherwise. 

The above remarks reflect the fact that the rotation 
effects on the two convection modes are quite differ- 
ent, depending largely on the d of the alloy 
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considered. The explanation is provided in the follow- 
ing. To the mushy-layer mode, the convection occurs 
mostly in the mushy region in which the solutal diffu- 
sivity is so small that the cases of d = 0 and d # 0 
are essentially the same since the double-diffusive 
effect does not exist in the mush. This can be seen 
from the results shown in Figs. 8(b)-(d), if only the 
Rz of the mushy-layer mode exists, their values are 
very close for all S# considered ; so are the c? of differ- 
ent .d. If the difference must be precisely pointed out, 
one can find that for a larger Ta, a larger Rk is 
obtained; which obviously is due to the great sta- 
bilizing effect of the rotation on the boundary-layer 
mode when T, is large. 

To the boundary-layer mode, on the other hand, 
rotation stabilizes the motionless basic state much 
largely for .d > 0 than d = 0. The explanation is 
more complex. For a compositional convection case 
.d = 0, the buoyant flow containing less concentrated 
fluid moves upwards above the melt-mush interface. 
The motion is retarded mostly by the viscous force 
and slightly by the solutal diffusion. Accordingly, the 
thickness of the compositional boundary-layer 
becomes large and so does the critical wavelength. 
Moreover. rotation induces an Ekman layer above the 
melt&mush interface [17]. The horizontal flow in the 
Ekman layer acts as a centripetal force, suppressing 
the motion of the boundary-layer mode and leading 
to a more stable state. For SS! = 0, however, the thick- 
ness of Ekman layer is relatively smaller than the 
compositional boundary-layer, the suppression turns 
out to be small. 

For the double-diffusive case ~2 > 0, the buoyant 
flow is retarded not only by the viscous force and the 
solutal diffusion, but also, and in fact largely, by the 
thermal gradient, which is the stabilizing mechanism 
to the present double-diffusive system. Consequently, 
the thickness of the compositional boundary-layer (or 
the critical wavelength) is smaller than the case of 
.d = 0 and is also influenced more intensively by 
rotation because the thickness of Ekman layer now is 
about the same with the characteristic length of the 
boundary-layer mode. As shown in Fig. 8, the influ- 
ence of the Ekman layer becomes more significant 
when rotation is more intensive. 

Both the investigations of Kuo et al. [ 151 and Neil- 
son and Incropera [I 71 showed that the rotation speed 
up to 120 rpm is not sufficient to prohibit the for- 
mation of freckles. Results shown in Fig. 8 may shed 
light on the reason. For alloys of different d, rotation 
does not increase the value of Rk significantly until 
7’, > 106, which is equivalent to 1.24 x 10’ rpm for a 
NH,Cl solution [22]. Accordingly, one may expect 
that rotation will not effectively prohibit the for- 
mation of freckles unless the angular velocity is 
extremely high. Nevertheless, a rotation about an axis 
with an inclined angle [3] or a intermittent rotation 
with a spin-up and spin-down cycle [ 171 can effectively 
prohibit the formation of freckles, both merit further 
study in the future. 

5. CONCLUDING REMARKS 

From above discussion on the results obtained from 
the linear stability analysis, focusing especially on the 
competition of the boundary-layer and mushy-layer 
modes, several concluding remarks can be drawn as 
follows. 

(1) Uniform rotation about a vertical axis may not 
be an effective method to prohibit the formation of 
freckles unless the rotation speed is sufficiently high. 

(2) Rotation may induce the change of convection 
mode, and in turn influences the stability charac- 
teristics of the subsequent plume convection or the 
formation of freckles. 

(3) The effects of rotation on the stability of con- 
vection modes depend largely on the value of &, a 
physical parameter influencing the intrinsic charac- 
teristics of the convection. 

(4) For an alloy of .d > 0 (suitable for most of the 
alloys in nature), rotation stabilizes more the bound- 
ary-layer mode than the mushy-layer mode. As 
T, > 7 x 106, the mushy-layer mode becomes the most 
critical one. Under such a circumstance, the plume 
convection (a result of the mushy-layer mode con- 
vection) may occur without a salt-finger (boundary- 
layer mode) convection beforehand. 
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