
*Corresponding author. Tel./fax: #886-2-23633917.
E-mail address: lan@ruby.che.ntu.edu.tw (C.W. Lan).

Journal of Crystal Growth 218 (2000) 115}124

Interface control mechanisms in horizontal zone-melting
with slow rotation

C.W. Lan*, J.H. Chian, T.Y. Wang

Department of Chemical Engineering, National Taiwan University, Taipei 10617, Taiwan, ROC

Received 22 February 2000; accepted 25 May 2000
Communicated by D.T.J. Hurle

Abstract

Using slow rotation to control the interfaces in horizontal zone-melting (HZM) is a widely adopted method for organic
materials, i.e., the Pfann}Miller technique. A short and nearly axisymmetric zone can be achieved easily even with
a rotation rate of only 1 or 2 rpm. However, the melt convection might not be the crucial mechanism for such a control.
Through #ow and interface visualization during HZM of succinonitrile, the role of the slow rotation was investigated.
Three-dimensional numerical simulation was further performed to illustrate the key mechanisms for determining the
zone shape. Besides the good agreement between the simulation and the experiments, we found that the heat of fusion
released or absorbed during the rotational regrowth and remelting played a crucial role, and it could not be ignored in
the simulation. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The control of the zone shape and convection in
zone melting is an important task for both crystal
growth and zone re"ning. The horizontal con"g-
uration for zone melting is particularly popular due
to its better mixing and interface control [1]. Pfann
et al. [1,2] "rst demonstrated the e!ectiveness of
the slow ampoule rotation on the zone shape con-
trol in the horizontal zone-melting (HZM), the
so-called Pfann}Miller technique or the rotation-

convection heating. With only 2.5 rpm rotation,
a nearly axisymmetric zone, as short as 20% of the
diameter, was found possible for resorcinol. Nearly
#at interfaces could be controlled as well. Since
then, this Pfann}Miller technique has been used
routinely in the zone re"ning of organic and inor-
ganic materials. Another way that can also produce
an axisymmetric zone is by `high speeda rotation as
proposed by Wilcox et al. [3]. The e!ectiveness of
the slow rotation on the zone shape control has
been believed to be the cause of melt convection,
which behaves like a cutting blade to smooth out
the interfaces [1,2]. As pointed out by Pfann et al.
[2], to make the technique work, the #ow pattern
due to natural convection cannot be signi"cantly
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Fig. 1. Schematic representation of the experimental setup for
horizontal zone-melting (HZM) of SCN and its #ow visuali-
zation.

altered, which is in contrast to the high-speed rota-
tion [3]. However, the detailed coupling mecha-
nisms of the convection and interfaces during slow
rotation have not been discussed. To provide
a clearer picture on the interface control mecha-
nisms, theoretical investigation through computer
simulation will be helpful. Unfortunately, no theor-
etical work so far has been devoted to this subject.
Indeed, the heat #ow and zone shape calculations
for HZM require a three-dimensional (3D) model,
and of course the simulation is not trivial. Espe-
cially, the coupling of the interfaces with the con-
vection is signi"cant due to the large Prandtl
number. Furthermore, as the rotation is imposed,
the rotational remelting and regrowth needs to be
considered at the interfaces. To the best of our
knowledge, this kind of Stefan problem has not yet
been investigated so far for the HZM crystal
growth or re"ning.

In this report, we performed "rst the #ow and
zone shape visualizations during HZM of suc-
cinonitrile (SCN). Its 3D simulation including the
interface shapes was then conducted. Through the
numerical simulation, the mechanisms for the zone
shape control were discussed. A simpli"ed con"g-
uration as a benchmark problem for the compari-
son with a commercial code, Fluent [4], was also
considered to support our 3D calculations and to
better illustrate the role of slow rotation on the heat
#ows. In the following section, experimental and
numerical methods are described brie#y. Results
and discussion are presented in Section 3, followed
by conclusions in Section 4.

2. Visualization experiments and numerical
modeling

The schematic representation of the experi-
mental setup is shown in Fig. 1. Due to the more
reliable thermal properties [5], SCN was chosen as
a model material in this study. The raw material
(99% purity) was zone re"ned ten times to achieve
a melting point of nearly 583C, which was very
close to the reported value for 7N SCN [6]. With
such a high purity, transparent single crystals could
be easily grown with a substantially high growth
rate (up to several centimeters per hour). The am-

poule was made of a Pyrex tube (ID"0.9 cm,
OD"1.1 cm, and length"30 cm). For forming
the melt zone, a simple ring heater made of a Nich-
rome wire (0.5mm in diameter) was further used.
Two kinds of heaters were used; one nearly contac-
ted with the ampoule and the other had about
a 2-mm gap from the ampoule wall. Interestingly,
the observed #ow patterns and the zone shape were
not changed much by the heating con"gurations as
long as the zone size was kept the same. To observe
the convection, a small amount of aluminum pow-
der (30lm) was added in advance to SCN and then
visualized (light-cut) by a 30-mW He/Ne laser. An-
other tracer (liquid-crystal capsule powder) with
a speci"c weight closer to SCN was also used, but
the picture quality was much worse. Since the ob-
served #ow patterns by these two powders were
about the same, the aluminum powder was still
used. To better observe the interface shapes,
a single crystal was grown before zone melting.
Furthermore, in each experiment, the stable zone
needed to be formed by increasing the heating
power to avoid the bubble formation due to zone
shrinking (the melt density is lower than the solid).
Both translation and rotation were controlled by
microstepping motors.

The numerical model used here was similar to
that presented in the previous report [7], which
included the numerical solution of the
Navier}Stokes and heat transfer equations. The
most important boundary condition, or the so-
called Stefan equation, is at the interfaces for the
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energy balance:
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Clearly, if the interfaces are not axisymmetric, con-
tinuous solidi"cation (at which n ) e

(
(0) and

melting (n ) e
(
'0) will proceed with rotation

(X'0).
The heat transfer between the ampoule and the

heater was described by a simple convective heat
transfer equation [7], where the e!ective ambient
temperature was assumed to be a Gaussian distri-
bution. The peak heater temperature used in the
simulation was determined by the thermal
measurements at the ampoule surface. The heat
transfer coe$cient was also used to "t the zone size
for the case without rotation. With 1 rpm ampoule
rotation, the same heat transfer coe$cient was
used. Again, as long as the zone size was kept about
the same, the interface shapes and the #ow struc-
tures were not changed much by the thermal pro-
"les, which was also consistent with experimental
observations. The physical properties of SCN and
some input conditions used in simulation are sum-
marized in Table 1 for reference.

The governing equations and their associated
boundary conditions were solved numerically by
an e$cient "nite-volume method scheme with

a multigrid acceleration [8,9]. Second-order accu-
racy was also retained through the deferred correc-
tion. Detailed numerical implementation can be
found elsewhere.

3. Results and discussion

Without rotation, the observed #ow and interfa-
ces from the laser light cut are shown in Fig. 2a; the
exposure time was 15 s. From this side view, as
shown, there are two #ow cells in the melt. The melt
#ows upwards at the center, while downwards near
the interfaces. The upward melt (lighter) is also
heated at the top wall and then #ows to the two
sides to melt back the interfaces. As a result, the
upper part of the zone becomes wider. The down-
ward melt (heavier) from the interfaces is warmed
up again from the bottom wall at the center and
then #ows upwards. Although the picture shown in
Fig. 2a looks like two-dimensional, the #ow struc-
ture was fully three-dimensional. However, the #ow
patterns at other light-cut planes were much more
di$cult to observe. Increasing the heating power
made the zone length longer, but the #ow structure
and the zone shape were not changed much. Also,
the measured temperature at the lower part (be-
tween the heater and the ampoule) was slightly
higher than the upper part; the lower part also
melted "rst during zone formation. Therefore, the
trapezoidal zone shape in Fig. 2a was dominated by
the natural convection. This observation was also
consistent with that reported by Pfann et al. [1,2].
Interestingly, if we imposed only 1 rpm ampoule
rotation, a signi"cant change of the zone shape was
observed, as shown in Fig. 2b; the exposure time
was 11 s. As shown, the zone shape becomes much
more symmetric, and the upper and lower zone
lengths are about the same. As compared with Fig.
2a, the rotation reduced the upper zone length,
while widened the lower part; the zone length
seemed to be averaged by the rotation. The #ow
structure was also changed quite signi"cantly. In
fact, due to rotation, the #ow visualization became
much more di$cult. The aluminum powder is
heavier than the melt. As a result, larger particles
tended to settle down, as shown by the bright area
at the melt bottom in Fig. 2a. As the ampoule was
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Table 1
Physical properties and some input parameters [5]

SCN
Density of solid o

#
"o

&
"1.016 g cm~3

Density of melt o
.
"0.988 g cm~3

Melting point ¹
.
"331.35K

Heat of fusion *H"46.5 J g~1

Thermal conductivity of solid k
#
"k

&
"2.25]10~3Wcm~1 3C~1

Thermal conductivity of melt k
.
"2.23]10~3W cm~1 3C~1

Speci"c heat of solid C
p#
"C

p&
"1.955 J g~1 3C~1

Speci"c heat of melt C
p.

"2.0 J g~1 3C~1

Thermal expansion coe$cient b
T
"8.1]10~4K~1

Pyrex tube
Density o

!
"2.3 g cm~3

Thermal conductivity k
!
"0.014Wcm~1 3C~1

Speci"c heat C
p!
"0.7535 J g~1 3C~1

Surface emissivity e
!
"0.0

Other input parameters
Ampoule length for simulation ¸"15 cm
Crystal diameter D

#
"0.9 cm

Ampoule diameter D
!
"1.1 cm

Heater peak temperature ¹
1
"111.85 3C

Far "eld heater temperature ¹
!=

"36.85 3C
Width of heating distribution a

&
"a

#
"0.3 cm (0.257 cm for Fig. 5b)

Peak heater temperature variation *¹
1
"0.02¹

.
y/D

!
(y : vertical distance from bottom)

Heat transfer coe$cient h"1]10~2Wcm~2 3C~1

Rotation speed X"0}1 rpm
Ampoule pulling speed ;

!.1
"0 cm/h

For the simplixed model
Heating pro"le ¹

!
"76.85#50 expM![(z!0.5¸)/a]2N (3C);

a"0.2 cm; h"8]10~3W cm~2 3C~1

Dimensionless groups
Prandtl number Pr"22.85; Stefan number St"0.0702;
Thermal Rayleigh number Ra

T
"6.48]106

rotating, the settled powder was conveyed to the
top and then resettled, and they were also visualiz-
ed. As a result, some particle tracks near the heater
seem to come across the #ow lines of the main cells.
Shortening the exposure time reduced these strange
tracks. Nevertheless, one can still trace the #ow
lines near the interfaces to obtain a better picture.
As shown, still, two #ow cells remain. Such a signi"-
cant change in the zone shape and the #ow struc-
ture can be explained by three mechanisms: (1)
forced convection due to rotation, (2) rotational
convective heat transfer, and (3) the rotational
melting (n ) e

(
'0 in the Stefan equation) and sol-

idi"cation (n ) e
(
(0), or one may call it the Stefan

e!ect due to its role in Eq. (1). Pfann et al. [2] were
the "rst to observe such a signi"cant e!ect due to
slow rotation, and similar nice photos for the zone
shape (resorcinol at 2.5 rpm) were demonstrated,
but without #ow visualization. They used the con-
vection mechanism and its coupling with the inter-
faces to explain such a dramatic change [1]: `the
rising sheet of hot liquid can be regarded as a cut-
ting or honing device which, combined with slow
rotation, produces a near-planar interface much as
the cutting blade of a lathe does to a round of
metal.a Such an explanation described correctly the
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Fig. 2. Observed #ow patterns and interface shapes: (a) 0 rpm
(exposure time was 15 s); (b) 1 rpm rotation (exposure time was
10 s).

on-going process. However, the detailed interface
control mechanisms are still not quite clear. For
example, to control the zone shape e!ectively, the
rotation cannot be too slow, while a too-low rota-
tion speed is not a problem for metal cutting. Also,
some part of the interfaces not only melted
(abraded), but also grew. Furthermore, from Eq. (1),
it is clear that the "rst two mechanisms will a!ect
mainly the "rst two terms (Q

.
and Q

4
), while the

third mechanism is due to the last term.
Before presenting the detailed simulation for Fig.

2, we illustrate "rst the heat #ows by using a much
simpler model. In this model, we only considered
the melt and the interfaces were assumed to be #at.
Because the interface shapes were "xed, Eq. (1) was
not used. A similar ambient temperature distribu-
tion was used (see Table 1), while melting point at
the interfaces was speci"ed. A commercial package,

Fluent [4], was also used for comparison. As
shown in Fig. 3, both for 0 and 1 rpm, our calcu-
lations were in good agreement with that by the
Fluent code. For the case of no rotation, as shown
on the left-hand side of Fig. 3a, similar to Fig. 2a,
there are two main #ow cells, and the isotherms are
distorted signi"cantly by the #ows. Due to the
convection, the isotherms near the interfaces at the
top are much denser indicating the higher thermal
gradients there (more e!ective heat transfer). The
middle-cut of the #ow and isotherms is shown on
the right-hand side of Fig. 3a. The melt near the
side wall #ows upwards due to the higher temper-
ature there; the major downward #ows are near the
interfaces, which cannot be seen from here. How-
ever, with 1 rpm rotation, as shown in Fig. 3b,
interestingly, both the #ow structures and the iso-
therms are not changed much. This implies that the
change of the interface shapes by the 1 rpm rotation
should be small as well, if the convection is the
dominant mechanism. The main e!ect of the 1 rpm
rotation appears at the top of the zone. As shown
on the right-hand side of Fig. 3b, the isotherms are
distorted slightly in the rotational direction. The
velocity vectors at the melt surface due to rotation
can be clearly seen as well.

Therefore, from the calculations in Fig. 3, the
"xed-interface model fails to provide an ex-
planation for the rotational e!ect shown in Fig. 2.
Nevertheless, from there we can conclude that the
convection and the convective heat transfer en-
hanced by the 1 rpm rotation are indeed not much.
In other words, the "rst two terms in Eq. (1) were
not much a!ected by the 1 rpm rotation. On the
contrary, if interfaces were taken into account,
which required the use of Eq. (1) for determining
the interface shapes, we were able to reproduce the
observation in the experiments. As shown in Fig. 4,
the calculations capture the key features of the
experiments, both on the #ow structures and inter-
face shapes. For the case without rotation, as
shown in Fig. 4a, the #ow patterns and interface
shapes are in good agreement with Fig. 2a. Due to
the buoyancy force, the hotter (lighter) melt at the
bottom #oats upwards. It is warmed up again at the
top wall, and #ows to the two sides leading to
a signi"cant back melting of the interfaces at the
top. The downward melt near the interfaces is
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Fig. 3. Calculated #ow patterns and isotherms for the simpli"ed model: (a) 0 rpm; (b) 1 rpm. Dashed lines are the results obtained by
using Fluent. The spacing for the isotherms is (¹

.!9
!¹

.
)/10.

cooler and heavier, but it is heated up again by the
heater at the bottom wall and #oats up at the
center. One can also get a better picture from the
distorted isotherms, which are consistent with the
#ow directions. The other side view of Fig. 4a also
illustrates the natural convection; the melt near the
wall is heated and #ows upward. One cannot see
a downward #ow from this plane, because the ma-
jor downward #ows appear near the interfaces.
Also, due to the lens e!ect, we do not attempt to
make an exact comparison here. In Fig. 2, the zone
shape and the #ow structures were stretched verti-
cally due to the higher refractive indices of the melt
and the ampoule. Nevertheless, the calculated up-

per and lower zone lengths agrees well with the
experiments within 5%.

Interestingly, with 1 rpm rotation, as shown in
Fig. 4b, the zone shape becomes much more
axisymmetric, which agrees well with the observa-
tion in Fig. 2b. The #ow structure shown in Fig. 4b
is also similar to that in Fig. 2b. One shall pay more
attention on the #ow shapes and vortices. Besides
the agreement in the zone shape, it is interesting
that the isotherms near the upper interfaces are still
denser than the lower ones as that in Fig. 3a. The
right-hand side of Fig. 4b also indicates that,
though the e!ect of rotation becomes more obvi-
ous, the change of the #ow and isotherms is not too
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Fig. 4. Calculated #ow patterns, isotherms, and interface shapes for the full model: (a) 0 rpm; (b) 1 rpm; (c) St"0 at 1 rpm. The spacing
for the isotherms is (¹

.!9
!¹

.
)/10.

signi"cant. Indeed, the success of the full-model
calculation in Fig. 4b is due to the consideration of
the interface energy balance. As shown in Eq. (1),
for steady rotation without ampoule translation

(Rh
*
/Rq"v

z
"0), rX(e

(
)n) plays a crucial role.

With rotation, at the interfaces continuous solidi"-
cation occurs at e

(
)n(0, while melting at

e
(
)n'0. For the left interface, at the front side,
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e
(
)n(0 and the solidi"cation dominates. The

heat of fusion is released to the melt and it distorts
the interface towards the rotational direction.
Meanwhile, the melting occurs at the back side, and
the heat of fusion is extracted from the melt making
the solid interface intrude towards the melt in the
rotational direction there. As a result, the zone
length is averaged out with the period of rotation.
This mechanism (the Stefan e!ect) is dominant for
the interface shapes here and cannot be ignored in
the simulation.

To better illustrate the signi"cance of this Stefan
equation, we also performed a calculation by pur-
posely letting *H"0 (or St"0); the last term of
Eq. (1) was removed. Fig. 4c shows the calculated
result. As shown, it fails to reproduce the observa-
tion in Fig. 2b. The calculated interface shapes are
about the same as that in Fig. 4a. As expected from
Fig. 3, the e!ect of 1 rpm rotation without the heat
of fusion is indeed not much. Therefore, from these
calculations, it is clear that the heat of fusion (or the
Stefan e!ect) plays a crucial role in the Pfann}Mil-
ler technique. In fact, Pfann et al. [1,2] at their time
might be aware of this e!ect, but the continuous
rotational solidi"cation and melting was not dis-
cussed. Their explanation using the `cutting bladea
of the natural convection during rotation was right
(at least for melting), but it was a little vague. We
also performed calculations for zero gravity (with-
out natural convection) with a highly asymmetric
heating, a nearly axisymmetric zone shape was ob-
tained as well. Therefore, the natural convection is
not crucial to the axisymmetric zone. Nevertheless,
if a very short zone is preferred, any method of
enhanced #ows (e.g., natural convection or the ac-
celerated crucible rotation technique (ACRT) [10])
could be helpful. Of course, using the natural con-
vection is the easiest. For most high-Prandtl-num-
ber materials, the Stefan e!ect can be signi"cant
even at slow rotation because the heat of fusion
released or absorbed is more di$cult to be removed
due to the poorer thermal conduction. On the other
hand, for lower-Prandtl-number materials, such as
semiconductors or metals, the Stefan e!ect can also
be signi"cant, but it requires a much higher rota-
tion speed. Meanwhile, in that case, the role of
convective heat transfer in the rotational direction
becomes more important.

The control of a #at growth interface, which is
preferred for single-crystal growth, by the
Pfann}Miller technique [2] was also quite straight-
forward. As the heating power was reduced, the
zone length was reduced. Meanwhile, the inter-
faces became much #atter as shown in Fig. 5a.
Final calculation was made for this situation. The
results are shown in Fig. 5b. As shown, the #ow
structures and isotherms are still similar to the
previous calculations in Fig. 4b, but the interfaces
are much #atter. Of course, the superheating of the
melt is lower. Since a very short zone with #at
interfaces can be controlled easily, the technique is
popular in zone re"ning, especially for organic
compounds.

Even though the Pfann}Miller technique has
been proven to be a useful process for HZM, there
is a side e!ect due to the rotation that has not yet
been discussed. Similar to the Stefan e!ect, the
rotational segregation [11] can be signi"cant as
well depending on the rotation speed. In certain
more severe growth conditions, the rotational con-
stitutional supercooling may be of signi"cance. To
illustrate that, we purposely used the less-pure ma-
terials (left over from the zone re"ning) to do the
zone melting, and a higher growth rate was used
(2 cm/h). The zone length was kept the same as that
in Fig. 2. The crystal grown without rotation re-
mained transparent and clear. However, at 1 rpm
rotation, some bands of impurities were found, as
shown on the left-hand side of Fig. 6. The shape of
the bands was consistent with the observed growth
interface. Interestingly, as the rotation speed was
increased to 3 rpm, clear inclusions (bubbles)
started to appear as shown in Fig. 6, and "nally
the core of the grown crystal became opaque.
The macroscopic banding of the inclusions with
a lower frequency may be due to the periodic
breakdown of the growth front. We have also
carried out simulation for higher rotation speeds,
but have not found any unstable #ows. Making
the growth interface #atter reduced the inclu-
sions signi"cantly. Particle inclusions by rota-
tion were also discussed by Wilcox et al. [12,13],
but they found that the amount of inclusions
seemed to decrease with the increasing rotation
speed. Because the rotation speed they used was
much higher (ranging from 5 to 35 rpm) and the
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Fig. 5. (a) Observed short zone and #at interfaces; (b) calculated isotherms, #ow patterns, and interface shapes; the spacing for the
isotherms is (¹

.!9
!¹

.
)/10.

Fig. 6. Appearance of the grown crystal at 1 and 3 rpm ampoule
rotation.

inclusions were solid particle (size ranging from 10
to 100lm), their inclusion mechanisms could be
di!erent.

4. Conclusions

Through the visualization and computer simula-
tion of the #ows and interfaces during the hori-
zontal zone-melting of SCN, we provided a clear
picture for the interface control mechanisms by
slow rotation. It was found that the heat of fusion,
which was released or absorbed at di!erent places
of the interfaces during rotation (the Stefan e!ect),
played a crucial role. Without rotation, signi"cant
thermal asymmetry was caused by natural convec-
tion leading to a highly nonuniform zone with
a trapezoidal shape at its side view. With 1 rpm
rotation, the asymmetric thermal "eld caused by
the natural convection was not altered much. How-
ever, some part of the interfaces remelted (was
abraded) and extracted the heat of fusion from the
melt, while some part of the interfaces regrew and
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released the heat of fusion to the melt. This process
continued with the period of the rotation and aver-
aged out for the interfaces leading to a more
axisymmetric zone. If the interfaces had no resist-
ance to the heat #ow (without the heat of fusion),
the change of the trapezoidal zone shape by the
1 rpm rotation was small. For high-Prandlt num-
ber materials, such as organic compounds or ox-
ides, this Stefan e!ect could be signi"cant even at
slow rotation. Apparently, for materials with
a much lower Prandtl number, such as semicon-
ductors or metals, or lower heat of fusion, a much
higher rotation speed is required to have a compa-
rable e!ect. Besides the heat transfer, the rotational
remelting and regrowth might have signi"cant in-
#uences on segregation and constitutional super-
cooling. Although the evidence seems to be clear
here, further study is necessary for better under-
standing.
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