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This paper presents a linear stability analysis for the thermocapillary convection
liquid bridge bounded by two planar liquid-solid interfaces at the same temperature
by a cylindrical free surface with an axisymmetric heat input. The two solid bounda
are rotated at the same angular velocity in one azimuthal direction, and a rotating m
netic field is applied in the opposite azimuthal direction. The critical values of the R
nolds number for the thermocapillary convection and the critical-mode frequencies
presented as functions of the magnetic Taylor number for the rotating magnetic field
of the Reynolds number for the angular velocity of the solid boundar
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1 Introduction
In the floating-zone~FZ! growth of semiconductor crystals,

body of molten semiconductor is held by surface tension betw
the melting end of a cylindrical, polycrystalline feed rod and t
solidifying end of a coaxial, cylindrical single crystal. For th
terrestrial, commercial FZ process, the melt zone is created
maintained by induction heating and the free surface is far fr
cylindrical. On the other hand, for future FZ crystal-growth e
periments on the International Space Station~ISS!, the free sur-
face will be essentially cylindrical, while there will be axisymme
ric radiant heating to create and maintain the melt zone. For th
ISS experiments, the free-surface temperature will vary from
maximum at a middle circumference to the solidification tempe
ture at both the feed rod and crystal interfaces. Since the sur
tension of most molten semiconductors in an inert atmosph
decreases as the temperature is increased, the variations of s
tension will drive two toroidal melt circulations with flows alon
the free surface from the hottest circumference toward both
feed rod and crystal, and with axial return flows near the cen
line. This surface-tension driven or thermocapillary convect
has a very large radial derivative of the axial velocity near the f
surface, and this large velocity gradient leads to a hydrodyna
instability even when the temperature difference along the
surface is quite small, e.g., 1–2°C. A much larger free-surf
temperature difference is required in order to avoid the morp
logical instability of the crystal-melt interface which would lea
to polycrystalline solidification. The thermocapillary instability in
volves a transition from steady axisymmetric melt motion to no
axisymmetric steady or periodic melt motion. The quality of a
semiconductor crystal depends on the uniformity of additives
dopants which give the crystal the desired electrical or opt
properties. With a nonaxisymmetric melt motion, the ma
transport of dopants in the melt leads to undesirable spatial o
lations of the dopant concentration in the crystal, which are ca
striations.

Contributed by the Heat Transfer Division for publication in the JOURNAL OF
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230 Õ Vol. 126, APRIL 2004 Copyright © 2
een
e

e
and
om
x-

t-
ese

a
ra-
face
ere
rface

the
ter-
on
ee
mic
ree
ce

ho-
d
-
n-
y
or

cal
ss
cil-
led

As part of the preparations for the future ISS experiments, D
et al. @1# recently conducted terrestrial FZ experiments with ra
ant heating and with a small diameter for the feed rod and crys
With this small diameter, the effects of buoyant convection and
the free-surface sag due to hydrostatic pressure were relat
small, thus roughly approximating the future experiments in m
crogravity. Dold et al.@1# found that the application of a rotatin
magnetic field~RMF! during FZ crystal growth dramatically re
duced the average difference between adjacent maximum
minimum dopant concentrations in the striations. They attribu
this improvement to an increase of the frequency of the perio
nonaxisymmetric thermocapillary convection. Thus in their e
periments, the RMF did not eliminate the thermocapillary ins
bility, but it reduced its deleterious effects. An RMF is produc
by connecting the successive phases of a multiphase AC po
source to inductors at equally spaced azimuthal positions aro
the melt. The inductors are generally designed to produce a
tially uniform transverse magnetic field which rotates at a cons
angular velocityv around the centerline of the melt. For the typ
cal frequencies and field strengths used in crystal-growth exp
ments, an RMF produces a steady, axisymmetric, azimuthal b
force on the melt. This body force drives an azimuthal velocity
the melt in the direction that the RMF rotates. If the solid boun
aries are not rotating, then the axial variation of the centrifu
force due to the azimuthal velocity drives steady, axisymmet
meridional circulations with radially inward flows near the plan
liquid-solid interfaces and with radially outward flow near th
plane midway between these interfaces. For the FZ process
meridional circulations due to the RMF reinforce the thermoc
illary circulations.

Walker et al.@2# recently presented a linear stability analys
for the present problem with an RMF, but without rotation of t
crystal or feed rod about their common centerline. They show
that, as the strength of the RMF is increased from zero, its eff
are destabilizing, i.e., the critical value of the Reynolds num
for the thermocapillary convection, Recr , decreases. However, a
the RMF strength is further increased, Recr reaches a minimum
and then increases to values which are considerably higher
the Recr without an RMF. This stabilization emerges once t
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azimuthal velocity produced by the RMF becomes large eno
that the coupling of the radial convection of angular moment
and the centrifugal force due to the azimuthal velocity can sign
cantly alter the base-flow thermocapillary convection.

For the FZ process, the azimuthal velocity is limited by the f
that the associated centrifugal force can overwhelm the sur
tension, breaking the liquid bridge. In the FZ process, the ang
velocities of the crystal and feed rod seldom exceed 30 rpm
cause of the free-surface stability. An RMF is also limited by t
same constraint. For terrestrial FZ processes, the feed rod
crystal are often rotated with different angular velocities and
opposite azimuthal directions. However, for the future ISS exp
ments, the crystal and feed rod will both be clamped insid
sealed ampoule, so that only rotation with the same angular
locity and in the same azimuthal direction will be possible.

The purpose of this paper is to investigate whether combin
rotation of the crystal and feed rod with an RMF can provide m
stabilization of the thermocapillary convection than an RM
alone, given the constraint that the azimuthal velocity cannot
ceed a certain value. If we initially apply an RMF which leads
the maximum allowable azimuthal velocity, the rotation of t
crystal and feed rod in the same direction would mean that
strength of the RMF must be reduced to prevent increasing
azimuthal velocity. Thus rotation in the same direction as
RMF means reducing the stabilizing effects of the RMF, so i
not promising. On the other hand, applying an RMF in the a
muthal direction opposite to that of the crystal and feed-rod ro
tion might have significant effects on the thermocapillary insta
ity without exceeding the azimuthal velocity limit. Befor
beginning this research, we identified a reason why this comb
tion might be destabilizing and another reason why it might
stabilizing. Rotating the crystal and feed rod in the opposite
rection from the RMF will decrease the average angular mom
tum. If the stabilizing effect of the RMF arises primarily from th
radial convection of a strong angular momentum, then oppo
rotation might be destabilizing. On the other hand, with rotation
the crystal and feed rod to produce the maximum allowable
muthal velocity at the liquid-solid interfaces and with the RM
braking this angular velocity and possibly producing an azimut
velocity in the opposite direction near the plane midway betw
these interfaces, the axial variation of the centrifugal force du
the azimuthal velocity drives two steady, axisymmetric meridio
circulations with radially outward flow near the liquid-solid inte
faces and with radially inward flow near the plane midway b
tween these interfaces. These circulations tend to cancel the
mocapillary convection. Since the thermocapillary instabil
arises from the large radial gradient of the axial velocity near
free surface@3#, the cancelation of part of the thermocapilla
convection might be stabilizing. The objective of this paper is
determine whether the destabilizing effects of reduced ave
angular momentum or the stabilizing effects of canceling par
the thermocapillary convection dominate in this competition.

An alternative to a linear stability analysis is the time integ
tion of the full three-dimensional governing equations. Time in
grations of the full equations were presented by Rupp et al.@4#
and by Fischer et al.@5# for the thermocapillary instability in the
FZ process without and with an RMF, respectively. Linear sta
ity analyses cannot be used to study nonlinear instabilities ari
from finite-amplitude perturbations in the steady axisymme
base flow. Recently Levenstam et al.@6# presented the prediction
of both a linear stability analysis and of a time integration of t
full three-dimensional equations for the thermocapillary instabi
in the FZ process, and they showed that there was good agree
between the results. This indicates that the present linear stab
analysis gives accurate results for the primary transition from
steady axisymmetric flow to a periodic nonaxisymmetric flo
Many of the papers on the FZ process with an RMF were
viewed by Dold and Benz@7#.
Journal of Heat Transfer
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2 Problem Formulation
We assume that all the thermophysical properties of the m

are uniform and constant, except the surface tension, which
creases linearly with increasing temperature. We use cylindr
coordinates (r ,u,z) with the z axis along the centerline of the
cylindrical melt zone, with the origin at the center of the melt, a
with the unit vectors (r̂ ,û,ẑ). We normalizer and z with R, the
radius of the melt zone, and we assume that the axial dista
between the two liquid-solid interfaces is 2R, because the heigh
to diameter ratio of the melt zone in the actual FZ process
generally close to one.

The dimensionless governing equations are

]v

]t
1~v•¹!v52¹p1Tm fuû1¹2v, (1a)

¹•v50, (1b)

]T

]t
1v•¹T5Pr21¹2T. (1c)

The dimensionless variablest, v, p, andT are time, the melt ve-
locity, the melt pressure and the deviation of the melt tempera
from the solidification temperature, each normalized byR2/n,
n/R, rn2/R2, and (DT)c , respectively. The dimensionless param
eters here are the magnetic Taylor number Tm5svB2R4/2rn2,
and the Prandtl number, Pr5n/k, wheren, r, s, and k are the
kinematic viscosity, density, electrical conductivity, and therm
diffusivity of the melt, while (DT)c is a characteristic temperatur
difference, andB is the magnetic flux density of the RMF. Assum
ing that the electric currents flowing through the crystal and fe
rod are negligible, the dimensionless azimuthal body force du
the RMF @8# is

f u5r 22(
N51

`
J1~lNr !cosh~lNz!

~lN
2 21!J1~lN!cosh~lN!

, (2)

where Jk is the Bessel function of the first kind andkth order,
while lN are the roots oflNJ0(lN)2J1(lN)50. Equation~2!
comes from a separation-of-variables solution for the electric
tential function with the assumption that the melt velocity is mu
less thanvR. The characteristic equation forlN comes from the
condition that the radial electric current is zero at the free surf
at r 51 @8#.

We assume that the radiant heat flux into the free surface va
parabolically from a maximumqmax at z50 to zero at the liquid-
solid interfaces atz561 @4#, and we use (DT)c5Rqmax/k for the
characteristic temperature difference, wherek is the thermal con-
ductivity of the melt. Therefore the boundary conditions atr 51
are

v r50,
]vu

]r
2vu1Re

]T

]u
50, (3a,b)

]vz

]r
1Re

]T

]z
50,

]T

]r
512z2, (3c,d)

where Re5(2dg/dT)(DT)cR/rn2 is the Reynolds number for the
thermocapillary convection, anddg/dT is the constant, negative
derivative of the surface tension with respect to temperature.
Marangoni number used in many other studies of thermocapil
convection is equal to Pr Re. The temperature term in Eq.~3b!
drops out for the axisymmetric base flow, but it is important f
the nonaxisymmetric perturbation. The boundary conditions az
561 arev r5vz5T50 andvu5ReV r, where ReV5VR2/n is the
Reynolds number for the crystal and feed-rod rotation with
angular velocityV.

For each variablev r , vu , vz , p, andT, we introduce the form

v r5v r0~r ,z!1«Real@v r1~r ,z!exp~lt2 imu!#. (4)
APRIL 2004, Vol. 126 Õ 231
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The subscript 0 denotes the variables for the steady, axisymm
base flow, the subscript 1 denotes the complex modal functi
such asv r1R1 iv r1I , for the small,O(«) perturbation in the linear
stability analysis,l5lR1 il I is the complex eigenvalue, andm is
the real, integer azimuthal wave number.

For the base flow, we introduce the stream functionc0(r ,z),
where

v r05
1

r

]c0

]z
, vz052

1

r

]c0

]r
. (5a,b)

We eliminatep0 by cross-differentiating ther and z components
of the momentum equation~1a! for the steady, axisymmetric bas
flow. Sincevu0 andT0 are even functions ofz, while c0 is an odd
function of z, we need only treat 0,z,1 for the base flow with
symmetry conditions atz50. We represent each base-flow va
able by a sum of Chebyshev polynomials inr andz, and we insure

Fig. 1 Critical mode results for rotation of the crystal and feed
rod without a rotating magnetic field: „a… Recr versus Re V ; and
„b… l I versus Re V
232 Õ Vol. 126, APRIL 2004
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that the representation for each variable has the correct Ta
series inr, e.g., the Taylor series ofc0 has only even powers ofr,
beginning withr 2. We apply the governing equations and boun
ary conditions at the Gauss-Lobatto collocation points. We so
the nonlinear, algebraic equations for the coefficients in
Chebyshev-polynomial representations using the Newt
Raphson method@9#.

Since the base flow is symmetric inz, we need only treat 0
,z,1 for the small perturbations as long as we consider b
symmetric and antisymmetric modes. For a symmetric mode,v r1 ,
vu1 , p1 , and T1 are even functions ofz, while vz1 is an odd
function ofz, thus matching the symmetry of the base flow. For
antisymmetric mode,v r1 , vu1 , p1 , andT1 are odd functions ofz,
while vz1 is an even function ofz. The small-perturbation bound
ary value problem form50 is different and simpler compared t
that for m>1, so that we treat four perturbation cases: nam
symmetric and antisymmetric modes withm50 and m>1. We
represent each perturbation variable as a sum of Chebyshev
nomials inr and z, and again we insure that each representat
has the correct Taylor series expansion, e.g., the Taylor serie
v r1 for m>1 has the powersr (m21), r (m11), r (m13), . . . The
linear perturbation equations and boundary conditions are app
at the Gauss-Lobatto collocation points to obtain a linear, ma
eigenvalue problem. The eigenvalues are obtained with sub
tines from the EISPACK library of FORTRAN codes@10#.

For each set of values for Pr, Tm, ReV , and Re, we first used
the Newton-Raphson iteration to find the steady, axisymme
base flow, and then we used the EISPACK subroutines to find
eigenvalues for the symmetric and antisymmetric perturba
modes form50 to 4. For each set of values for Pr, ReV , and Tm,
we increased Re until one eigenvalue for one mode hadlR50,
while all the other eigenvalues for this mode and for all the ot
modes hadlR,0. This defines the critical value of the Reynold
number for the thermocapillary convection Recr and the dimen-
sionless frequencyl I of the critical mode for a given materia
represented by Pr, for a given angular velocity for the crystal a
feed rod represented by ReV , and for a given RMF strength rep
resented byTm.

3 Results
We only present results for Pr50.02, corresponding to silicon

In order to validate our code, we first treated the ‘‘half-zon
problem, which has been treated in a number of previous pap
For the half-zone problem, the geometry is the same, but the
no heat transfer across the cylindrical free surface and the
liquid-solid interfaces are at different temperatures, so that
free surface temperature varies from a maximum at the ho
interface to a minimum at the colder interface. We consider

Fig. 2 Base-flow streamlines for TmÄ0, ReVÄ150 and Recr
Ä3651.9: c0Ä2.0k for kÄ0 to 7 and c0ÄÀ0.2k , for kÄ1 to 5
Transactions of the ASME
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half-zone problem with an axial distance between the liquid-so
interfaces equal toR, with no RMF (Tm50), with no crystal or
feed-rod rotation (ReV50), and with Pr50.02. For this case, ou
code gives Recr52059, with m52 and l I50. Chen et al.@11#
found that Recr52054 and Wanschura et al.@3# found that Recr
52062, both withm52 andl I50.

For our FZ problem, we first consider the effects of crystal a
feed-rod rotation without an RMF (Tm50). The values of Recr
andl I for Tm50 and 0<ReV<175 are presented in Fig. 1. Her
the critical mode is always an antisymmetric mode with eith
m51 or m52, denoted by A1 and A2, respectively. The merid
onal base flow consists of two opposite toroidal vortices w
circular centerlines at some radius and at symmetric valuesz.

Fig. 3 Critical mode results versus ÀTm for Re VÄ100; „a…
Recr versus ÀTm; and „b… l I versus ÀTm
Journal of Heat Transfer
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An antisymmetricm51 mode represents a transition to a flo
with a primary transverse vortex about a straight centerline al
some diameter in thez50 plane. Rupp et al.@4# found this m
51 antisymmetric transition to a transverse vortex with a mu
weaker secondary opposite vortex near one side of each liq
solid interface. Without an RMF, they found that this pattern
stationary (l I50). With an RMF, Fischer et al.@5# found that this
pattern rotates in the azimuthal direction of the RMF, and th
suggested that this pattern is simply convected with the azimu
velocity produced by the RMF. An antisymmetricm52 mode
leads to a flow with two opposite vortices about parabolic cen
lines in thez50 plane and extending from the free surface
u56p/4 through the melt and back to the free surface
u563p/4. Again the pattern rotates in the azimuthal direction
there is any azimuthal base-flow velocity. The value ReV5175
corresponds to the kinematic viscosity of molten silicon, a dia
eter of 10 mm and rotation at 23.4 rpm. Dold et al.@1# grew
silicon crystals with 8–14 mm diameters. The effects on Recr of
rotation alone are very similar to those of an RMF alone@2#. As
ReV is increased from zero, the antisymmetricm52 mode is sta-
bilized until the transition to an antisymmetricm51 mode at
ReV54.724 and Recr51603.4, whilel I abruptly increases from
11.67 to 25.07 at this switch of modes. As ReV increases from
4.724, Recr decreases to a minimum of 995.0 at ReV530.0 and
then begins to increase. At ReV593.3 and Recr52282, there is a
switch from the antisymmetricm51 mode back to the antisym
metric m52 mode, whilel I abruptly increases from 138.8 t
226.2 at this switch of modes. At ReV5175, Recr54819.3 and
l I5417.59. The Recr exceeds 1547.6 when ReV.65, so that ro-
tation is stabilizing for ReV.65. From Eq.~4!, the dimensionless
angular velocity of the critical disturbance isl I /m. For both the
m51 andm52 antisymmetric modes, (l I /m).ReV , so that the
critical disturbance propagates in the direction of the crystal
feed-rod rotation with an angular velocity which is greater thanV.
The difference is larger for them51 mode than for them52
mode. For them51 mode, the ratio (l I /m ReV) decreases from
5.3 at ReV54.724 to 1.49 at ReV593.3. For them52 mode, this
ratio is roughly 1.2 for both ReV,4.724 and 93.3,ReV,175. The
fact thatl I /m.ReV for both modes means that the perturbati
is not simply convected with the azimuthal velocity created
system rotation. Instead the perturbation propagates in the
muthal direction because of a coupling between the centrifu
force and the radial convection of angular momentum@2#.

An azimuthal base-flow velocity opposes radial velociti
through the Taylor-column effect, i.e., an inward radial convect
of angular momentum causes the localvu0 to increase, leading to
an increase of the radially outward centrifugal force opposing
inward velocity. ForTm5ReV50, the meridional thermocapillary

Fig. 4 Base-flow streamlines for Re VÄ100, TmÄÀ5500 and
RecrÄ2472.7: c0Ä2.0k , for kÄ0 to 8
APRIL 2004, Vol. 126 Õ 233
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convection for 0<z<1 is a single counterclockwise circulatio
occupying most of 0<r<1. As ReV is increased from zero, the
Taylor-column effect opposes any radially inward flow, so that
meridional circulation is pushed toward the free surface, while
center of this circulation moves axially towardz51 where the
free-surface temperature gradient is largest. At roughly ReV540, a
second clockwise meridional circulation for 0<z<1 appears nea
r 5z50. This secondary circulation is driven by viscous she
from the primary circulation and by the axial variation of th
centrifugal force created by the radial convection of angular m
mentum by the primary counterclockwise circulation. As ReV is
increased further, the primary counterclockwise circulation
pushed more toward the free surface, and the secondary clock
circulation grows in magnitude and extent. At roughly RV
5120, a third counterclockwise circulation appears nearr 5z
50, although this third circulation is very small. The base-flo

Fig. 5 Critical mode results for Re VÄ175: „a… Recr versus
ÀTm; and „b… l I versus ÀTm
234 Õ Vol. 126, APRIL 2004
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streamlines for Tm50, ReV5150 and Recr53651.9 are presented
in Fig. 2. Here21.14<c0<15.72, so that the secondary cloc
wise circulation is more than an order of magnitude smaller th
the primary counterclockwise circulation driven by the surfa
tension variation atr 51. The counterclockwise circulation forr
,0.2 is more than an order of magnitude smaller than the seco
ary circulation.

The mechanism which might make the combination of an RM
and system rotation more stabilizing than an RMF or rotat
alone is the partial cancelation of the thermocapillary convect
when the rotation of the feed rod and crystal produce the larg
angular velocity at the liquid-solid interfaces, while the RMF
the opposite direction brakes the angular momentum, leading
small or negative azimuthal velocity nearz50. Therefore, we
consider two relatively large values of ReV with Tm decreasing
from zero to negative values corresponding to an RMF in
opposite azimuthal direction.

The values of Recr and l I for ReV5100 and25500,Tm,0
are presented in Fig. 3. As Tm is decreased from zero, the add
of the RMF is clearly destabilizing. For the antisymmetricm52
mode, Recr decreases from 2417.5 at Tm50 to 2030.6 atTm
52625, where the mode switches to an antisymmetricm51
mode. As Tm decreases further, Recr decreases to a minimum o
1245.1 at Tm521800. Atr 51 andz50, vu0 first becomes nega
tive at Tm521200, so that Recr does not reach its minimum unti

Fig. 6 Base-flow results for Re VÄ175, TmÄÀ7000 and Recr
Ä2297: „a… Streamlines for meridional flow: c0Ä2.0k , for kÄ0
to 7 and c0ÄÀ0.1k , for kÄ1 to 5; and „b… Lines of constant
azimuthal velocity: v u0Ä20k, kÄ0 to 8 and v u0ÄÀ10k, kÄ1 to 7
Transactions of the ASME
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the RMF has become strong enough to produce reverse azim
flow nearz50. There is a switch back to the antisymmetricm
52 mode at Tm522604 and Recr51696.3. After this mode
switch, Recr decreases again, reaching a minimum of 1483.6
Tm523250. As Tm decreases from23250, Recr increases
monotonically as the magnitude and extent of the negative
muthal velocity both increase. There is switch from the antisy
metric m52 mode to the symmetricm52 mode at Tm523797
and Recr51634. At Tm525500, Recr52472.7 for the symmetric
m52 mode, so that we have roughly returned to the Rcr
52417.5 for Tm50. The value ofl I decreases as Tm is decreas
from zero, except for a small increase just before the switch fr
the antisymmetricm51 mode to the antisymmetricm52 mode.
At roughly Tm523030,l I becomes negative, so that the critic
disturbance is propagating in the direction of the RMF rather t
in the direction of the system rotation. For ReV5100, the extent
and magnitude of the secondary clockwise meridional base-
circulation forz.0 decreases as Tm is decreased from zero.
base-flow streamlines for ReV5100, Tm525500 and Recr
52472.7 are plotted in Fig. 4. The secondary circulation is v
weak and is confined to a very small region nearr 50, z51, while
the primary counterclockwise circulation closely resembles t
for Tm5ReV50. For ReV5100 and Tm525500, 298.3<vu0
<100.0, so that the RMF has produced a reverse azimutha
locity with nearly the same maximum magnitude as that driven
the system rotation. The RMF produces an azimuthal body fo
which is distributed over the entire domain, while the effects
the system rotation arise from the viscous shear stresses a
liquid-solid interfaces. At the relatively large values of Recr , the
effects of the viscous shear stresses at the liquid-solid interf
do not extend far into the liquid, so that the RMF has a lar
effect than the system rotation. For ReV5100, Tm525500 and
Recr52472.7, thevu050 line extends fromz50.97 atr 51.0 to
z50.86 atr 50.5, and then drops toz50.28 atr 50.0. This drop
nearr 50 arises from the local downward convection of the po
tive angular momentum produced by the rotating solid atz51.
For this case, more than 80% of the liquid has a negative b
flow azimuthal velocity.

The values of Recr and l I for ReV5175 and27000<Tm<0
are presented in Fig. 5. As Tm is decreased from zero, Recr for the
antisymmetricm52 mode decreases from 4819.3 to a minimu
of 1790.8 at Tm524000. Thevu0 first becomes negative atr
51 andz50 for Tm522750, so that there is again reverse flo
before Recr reaches its minimum. There is a switch from the a
tisymmetricm52 mode to the antisymmetricm53 mode at Tm
525000 and Recr51995.8, when the minimumvu0 is 266.3. For
Tm527000, Recr is 2297. As Tm is decreased for ReV5175, l I
for the antisymmetricm52 mode decreases monotonically fro
417.59 for Tm50 to 22.0 for Tm525000, andl I for the anti-
symmetricm53 mode decreases monotonically from 42.39
Tm525000 through zero at Tm525850 to 251.23 for Tm
527000. Againl I,0 means that the critical disturbance prop
gates in the direction of the RMF.

For ReV5175, Tm527000 and Recr52297, the base-flow
streamlines and the lines of constantvu0 are plotted in Fig. 6. As
Tm is decreased from zero, the primary counterclockwise circ
tion expands from that in Fig. 2 to occupy roughly 0.4,r ,1.0 in
Fig. 6, while the secondary clockwise circulation is pushed i
0,r ,0.4. However, unlike Fig. 4 for ReV5100, the secondary
flow is still significant for ReV5175 and Tm527000. Both cir-
culations involve axially downward flow for 0.3,r ,0.8, and the
associated convection of the positive azimuthal velocity produ
by the system rotation alters the balance between the effec
system rotation and the RMF from that for ReV5100 and Tm
525500. Thevu050 line curves down fromz50.96 atr 51.0 to
z50.25 atr 50.5 and then curves up toz50.62 atr 50.0. For this
case, slightly more than half of the liquid has a negative azimu
velocity.
Journal of Heat Transfer
thal

at

zi-
m-

e
d

om

l
an

ow
he

ry

hat

ve-
by
rce
of
t the

ces
er

si-

se-

m

w
n-

or

a-

la-

to

ed
s of

hal

4 Conclusions
The results presented here show that combining an RMF in

azimuthal direction with rotation of the crystal and feed rod in t
opposite azimuthal direction leads to a thermocapillary instabi
for a smaller free-surface temperature difference than would
the case for either the rotation or the RMF alone. This indica
that the stabilizing effects of canceling part of the thermocapill
convection are overwhelmed by the destabilizing effects of red
ing the average angular momentum. The partial cancelation of
thermocapillary convection does occur. For ReV5100, the maxi-
mum value ofc0 decreases from 13.14 for Tm50 to a minimum
of 8.32 at Tm521600 whenvu05218.8 atr 51 andz50, and
then increases to 16.18 for Tm525500. For ReV5175, the maxi-
mum value ofc0 decreases from 18.9 for Tm50 to a minimum of
9.43 for Tm523500 whenvu05247.8 at r 51 and z50, and
then increases to 14.4 for Tm527000. However the destabilizing
effects of the reduction of the average angular momentum are
greater than the stabilizing effects of the partial cancelation of
thermocapillary convection, so that this combination is n
benefical.

Dold et al. @1# attributed the beneficial effects of the RMF t
the increase of the frequency of the critical disturbance as
magnitude of Tm was increased. For both ReV5100 and ReV
5175, the addition of the RMF in the opposite azimuthal directi
decreases the value ofl I . Therefore combining an RMF and sys
tem rotation in opposite azimuthal directions is also a bad i
because the frequency of the critical disturbance is less than
for either the RMF or system rotation alone.

Here we have only presented results for Pr50.02, correspond-
ing to molten silicon. There are important variations of the th
mocapillary instability as Pr is varied over the small values
various semiconductors@6#. However the basic conclusion tha
combining rotating magnetic field and rotating system is not b
eficial is certainly true for all molten semiconductors.
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