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Abstract

Experiments were performed in a simulated gradient freeze cell in order to reveal the effect of centrifugation on the
convection in the cell. A laser light-cut technique was used for flow visualization. Flow patterns were observed in one
vertical and two horizontal cross sections of the cell. Flow velocities were measured via particle displacement tracking
velocimetry. Five centrifuge rotation rates o were studied: 10, 15, 20, 30, and 40 rpm. A flow mode transition was found at
a o of about 30 rpm, which is in agreement with the theoretical prediction of Arnold [9]. A flow pattern observed in the
vertical plane agrees qualitatively with the one calculated by Friedrich et al. [6,11]. The mean flow velocity in the bottom
part of the test cell decreased beyond a rotation rate of 20 rpm, suggesting that a minimum might occur at a rotation rate
higher than 40 rpm. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Convection in the melt during directional solidi-
fication greatly affects dopant distribution and the
structural perfection of the resulting crystals. One
of the methods to influence this convection is to
perform the solidification in a centrifuge. The first
experiments on gradient freeze crystal growth in
a centrifuge in the thermally stable configuration
were performed by Regel and Rodot [1-4]. In those
experiments, a uniform axial dopant distribution
was obtained in crystals grown at a particular net
acceleration level. The effect was attributed to the
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suppression of convection in the melt. The acceler-
ation needed to obtain uniform doping was differ-
ent for two different centrifuge arm lengths, while
the rotation rate was the same. Several simple ex-
planations have been given for the apparent min-
imum in convection observed in centrifuge
experiments [1-6]. Recently, Wilcox et al. [7]
compared the predictions of these models with
the experiments and numerical simulations. They
divided the models into three groups: Buoy-
ancy—Coriolis balance, thermal stability, and flow
transition. It was shown that none of the models
agreed completely with all experimental data and
numerical simulations.

To verify the predictions of the above theoretical
models, a simulated gradient freeze cell was made
out of transparent plastic. The cell was filled with
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water (Prandtl number =6) seeded with tracer par-
ticles in order to visualize convection. Particle dis-
placement tracking velocimetry (PDTV) was used
for quantitative analysis of the flows. Arnold [9]
showed numerically that in the present thermally
stable configuration, the flow patterns developed in
a low Prandtl number liquids (e.g. semiconductor
melts) are similar to those in the high Prandtl num-
ber water. Our own numerical simulations show
that similar flow patterns arise in water and liquid
InSb, except the maximum flow velocity is about 2.5
times larger in InSb than in water.

When the parameters of our experiments are
used, a flow transition [8,9] is expected at a centri-
fuge rotation rate of 22 rpm if the radial temper-
ature difference is equal to 1°C. The ideal interface
predicted by the thermal stability model [ 7-10] for
our centrifuge at this rotation rate is essentially flat,
i.e. hyae & 0.03 mm (see nomenclature). Predictions
using Friedrich et al’s [6,11] and Urpin’s [12]
scaling analyses for the Buoyancy—Coriolis balance
model are shown in Fig. 1. Friedrich et al.’s analy-
sis predicts a minimum in the flow velocity at
a rotation rate of about 22 rpm. Urpin’s order of
magnitude analysis predicts a minimum in the con-
vective velocity at a rotation rate of 28 rpm. These
predictions caused us to perform experiments at
rotation rates in the range of 1040 rpm (N =
1.02-3.63 times earth’s gravity).

2. Experimental equipment

Our experiments were performed on our High-
Inertia Rotating Behemoth (HIRB) centrifuge at
Clarkson University [13]. The centrifuge has an
arm length of 1.5m. A swing bucket for housing
test equipment is attached to the centrifuge arm.

To simulate convective flows in the gradient
freeze crystal growth technique, a newly redesigned
test cell was used. The important difference of the
new test cell from that used previously [14] is the
introduction of a transparent cooling chamber to
permit viewing from below. The chamber was at-
tached to the bottom of the cell and was cooled by
flowing cold water. The cooling system together
with the test cell is shown schematically in Fig. 2.
As in the previous experiments [14], a resistance
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Fig. 1. Predictions of Friedrich et al’s [11,16] and Urpin’s [12]
scaling analyses for our experiments. Parameters of HIRB cen-
trifuge [13] and our test cell were used for calculations: (—)
Friedrich et al. for a bottom end cap height h = + 1 mm;
(----- ) Friedrich et al. for a bottom end cap height
+ 2 mm; (— - —) Urpin.
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Fig. 2. Schematic diagram of the test cell and the cooling sys-
tem.

heater at the top of the cell was used to establish
a so-called thermally stable temperature field (tem-
perature increasing with height) in the cell.

The shape of the crystal-melt interface in the
thermally stable gradient freeze technique is nor-
mally concave [15]. Thus, to model the interface in
our experiments, the shape of the bottom plastic
end cap of the cell was also concave. The height
used in this work was 1 mm. This particular height
was chosen because it was expected to produce
a radial temperature difference of about 1°C near
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the bottom of the cell. We also used a cell with a flat
bottom for comparison.

The test cell was filled with distilled water seeded
with silver-coated [16] W-1000 Z-light micro-
spheres (Zeelan Industries, Inc.). A laser light-cut
technique was employed for observations of the
convective flows. This technique has been described
in detail elsewhere [14].

Particle displacement tracking velocimetry
(PDTYV) belongs to the family of particle imaging
velocimetry techniques [17], and was used here for
flow velocity determinations. This technique is
based on analysis of a sequence of flow images. In
our case, a sequence of four images was grabbed
with a DT3955 [18] frame grabber from a video-
tape recorded during an experiment. This sequence
was then analysed with Global Lab Image (Data
Translation, Inc.) software to yield the coordinates
of all particle centroids. The displacements of the
tracer particles were found using a computer code
that implemented the algorithm developed by Wer-
net [19]. From the velocity vectors at particle loca-
tions, the velocity vectors at regular grid points
were interpolated as described by Ushijima [20].
Two sources of error are present in the PDTV
measurements. These are the particle positioning
error and the time interval error. The time interval
error is negligible because the sequence of images
was acquired with the frame grabber board pro-
grammed by the computer. Thus, the velocity
measurement error o, arises from the error of par-
ticle centroid estimates [19,21]:

Ox

O-u

U X @)
where U is the mean value of the measured velocity,
X is the total particle displacement from the first
image to the last, and o, is the error in the total
particle displacement. Assuming a particle centroid
estimation error of +0.5 pixel, the total displace-
ment error is o,=./1/2+1/2= 1/\/5 pixels.
Thus, for the worst case of a total displacement of
only 3 pixels (only one pixel between two sub-
sequent frames) the relative error in the measured
velocity would be o,/U = 0.23. On average, in our
experiments the relative error ranged from 0.1 to
0.14.

3. Results
3.1. Temperature measurements

To check the axisymmetry of the temperature
field in the cell, the temperature was measured
with four thermocouples (K-type, stainless steel
sheathed, 0.01” diameter) placed around the per-
imeter of a horizontal cross section in the middle
of the cell (Tc1-Tc4 in Fig. 3a). Measurements
showed that the temperature field in this cross
section was axisymmetric; the differences in the
thermocouples readings were within the measure-
ment error of 0.5°C. Similar results were observed
when the thermocouples were placed in a horizon-
tal cross section 6 mm' above the bottom end cap
(Tcl'-Tc4' in Fig. 3a). From these measurements, it
follows that the temperature field in the cell was
axisymmetric and not measurably dependent on
the centrifuge rotation rate up to 40 rpm, within
experimental error.

For the measurements of the radial temperature
difference at the edge of the end cap, one ther-
mocouple was inserted through the cell wall with its
tip near the inner surface of the wall. The other
thermocouple was also inserted through the wall
and its tip was positioned on the axis of the cell, as
shown in Fig. 3b. The radial temperature difference
measured in the experiments was approximately
1.8°C. The radial temperature difference at the edge
of the bottom end cap can be estimated from the
top and bottom temperatures and the geometrical
dimensions of the cell as follows [11]:

h
ATr = (Ttop - Tbottom) .73 (2)

where AT, is the radial temperature difference,
T, 1s the temperature at the top, Thorom 15 the
temperature at the bottom, / is the bottom end cap
height, and [ is the length of the test cell. Using the
experimental values for the top and bottom tem-
peratures the radial temperature difference at the

! Throughout this paper, the height given for a horizontal
cross-sectional plane is from the edge of the bottom end cap (see
nomenclature). The distance from the center of the end cap
would be 1 mm higher, because the end cap height is 1 mm.
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Fig. 3. Thermocouple positions in the cell.

edge of the bottom end cap (1 mm above the center
of the end cap) was estimated from Eq. (2) to be
1.1°C. The discrepancy between the measured
and estimated values can be attributed to the mis-
positioning of the central thermocouple. No de-
pendence of the measured radial temperature
difference on the centrifuge rotation rate was
found.

The axial temperature profile in the cell was
measured with a translated thermocouple without
centrifugation. Fig. 4 shows the temperature along
the axis measured every 1 mm, using a micrometer.
The resulting temperature profile is almost linear.

To ensure that the curved bottom end cap was
isothermal, a set of experiments was performed
with several thermocouples (bare K-type, wire dia-
meter 0.01”) placed at the bottom of the cell. The
tips of the thermocouples were positioned as shown
in Fig. 3c. The differences in the thermocouple
readings were within the measurement error of
0.5°C, confirming that the surface of the bottom
end cap was nearly isothermal.

3.2. Convection patterns

Convection was viewed in three different planes
inside the cell. One was horizontal 10 mm above
the bottom end cap. Another was horizontal 3 mm
above the bottom end cap. The third viewing plane
was vertical passing through the cell’s longitudinal
axis. The positions of the viewing planes and the
test cell relative to the centrifuge axis of rotation are
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Fig. 4. Axial temperature profile inside the cell measured with-
out centrifugation. End cap height 1 mm. Height measured from
the center of the interface.
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Fig. 5. Positions of the horizontal and vertical planes in the test
cell relative to the centrifuge axis of rotation.

Horizontal Plane

shown in Fig. 5. In each plane, the flow pattern was
observed at five different centrifuge rotation rates:
10, 15, 20, 30, and 40 rpm.

In the horizontal plane 10 mm above the bottom
(plane 1) the flow pattern was the same at all
rotation rates. This flow pattern consisted of a
single vortex occupying the entire cell cross section
and rotating in the same direction as the centrifuge
(see Fig. 6). Here, this rotation sense is referred to
as counterclockwise, because the particles in this
vortex moved counterclockwise on the video moni-
tor. The flow in this cross section was inward, i.e.
toward the cell axis.

In the horizontal plane 3 mm above the bottom
(plane 2) the flow pattern changed with increasing
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Fig. 6. Flow patterns in the horizontal plane positioned 10 mm above the bottom end cap. Interpolated from the measured particle

velocities. The length of the arrow is proportional to the flow velocity.

(d) 30 rpm; (e)

Centrifuge rotation rate: (a) 10 rpm; (b) 15 rpm; (c) 20 rpm;

40 rpm.

was outward, i.e. toward the cell wall. At 30 rpm,
two small secondary counterclockwise vortices ap-

peared

rotation rate as shown in Fig. 7. For rotation rates
of 10, 15 and 20 rpm, the flow pattern consisted of
a single clockwise rotating vortex occupying the
entire cross section. The flow in this cross section

of

in the first and third quadrants

the cross section near the cell wall. These vortices
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were small and not adequately resolved by the
image processing software. Nevertheless, they were
clearly observed on the time-lapse video record. At
40 rpm, there were four unequal vortices, one in
each quadrant of the cross section. In the first,
third, and fourth quadrant the vortices rotated
counterclockwise, while in the second quadrant the
vortex rotated clockwise. Without centrifuge rota-
tion, the flow in plane 2 was radially outward,
though it was not exactly axisymmetric. This is the
basic flow, not affected by the Coriolis force. On the
centrifuge, the Coriolis force deflects this flow and
produces the clockwise rotating vortex observed at
10, 15 and 20 rpm.

The above experiments were repeated with a test
cell having a flat bottom. At 3 mm above the bot-
tom cap, the flow pattern was very similar to that in
the cell with a curved bottom. At 10, 15 and 20 rpm,
the flow pattern was again a single clockwise rotat-
ing vortex occupying the entire cross section. At
30 rpm, the flow pattern already changed to the
four vortices type that is observed at 40 rpm with
a curved bottom (Fig. 7e).

In the vertical plane in the cell with a curved
bottom, the flow pattern changed a little with in-
creasing rotation rate. The test cell can be conve-
niently divided into three vertical regions: bottom,
central and top, according to the direction of the
flow as shown in Fig. 8. There was a clockwise
rotating flow along the bottom of the cell. Unfortu-
nately, this flow was not captured by the image
processing software for the following reason. This
software considers only bright particles staying in
the light sheet for at least 18 s (four frames with
a time interval of 6 s). Particles staying in the light
sheet for less than 18 s or twinkling particles (not
visible on at least one frame) are disregarded
by the tracking algorithm. In the bottom region,
there were many particles moving from left to
right slightly above the bottom. Unfortunately,
there were only a few particles moving from right
to left. In addition, the bottom end cap is concave;
thus, it is impossible to observe from the side
some particles moving close to the bottom. The
above-mentioned clockwise rotating flow along
the bottom was clearly visible on the time-lapse
video recording of the convective pattern, but
did not show up on flow patterns generated by the

image processing software. The bottom region was
about 8 mm in height and its vertical size decreased
only slightly with increasing centrifuge rotation
rate.

In the central region all tracer particles moved
almost horizontally, from right to left (Fig. 8). The
height of this region decreased from about 17 to
about 8 mm as the centrifuge rotation rate was
increased from 10 to 40 rpm.

In the top region of the cell the tracer particles
moved horizontally, from left to right. The height of
this region increased from 17 to 28 mm with in-
creasing rotation rate.

It is impossible to detect the direction of the
circumferential component of a flow through ob-
servations in a vertical plane. In the vertical sheet,
in our observations, most particles entered the light
sheet, moved almost horizontally in the sheet, and
then left the sheet. This entering and leaving behav-
iour indicates that particles had a component of
velocity perpendicular to the vertical sheet — the
circumferential flow observed in the horizontal
planes. However, the direction of particle move-
ment in the vertical plane does not tell the direction
of flow in horizontal planes. Due to the slight
nonaxisymmetry of the convective pattern, the axis
of the circular flow can be in front of or behind the
vertical observation plane. Depending on the posi-
tion of this axis with respect to the vertical plane,
opposite directions of flow in this plane could cor-
respond to the same circular flow in a horizontal
plane. This is shown schematically on the diagram
in Fig. 9. Moreover, if the axis of a circular flow
crosses the vertical plane, one would see in this
vertical plane two regions with opposite directions
of flow. This, we believe, was the case for our
central and top regions. We came to this conclusion
because in the vertical plane the directions of the
flow were the same in all three regions in the experi-
ments with the cell having a flat bottom.

From Fig. 8, it is seen that in the bottom and
central regions the vertical component of the flow
was much weaker than the horizontal component.
Combining the results of observations in the verti-
cal and horizontal planes, we conclude that the
flow in the cell was mainly rotational about the axis
of the cell. The flow in the bottom had an opposite
rotation sense to that in the rest of the cell. In the
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Fig. 8. Flow pattern in the vertical plane of the cell. Centrifuge rotation rate 15 rpm. Bottom end cap height 1 mm.

bottom region, in addition to the circular flow in
the horizontal plane, there existed a clockwise
rotating flow in the vertical plane. Increasing the
centrifuge rotation rate did not change the flow
pattern in the bulk of the cell, while in the bottom
region there was a flow mode transition at about
30 rpm.

3.3. Flow velocity measurements
Flow velocities were measured using PDTV as

described in Section 2.2. Mean velocities were ob-
tained both from the measured velocity vectors at

particle positions, and from the velocity vectors
interpolated at the grid points. Result of the flow
velocity measurements in the planes 10 (plane 1)
and 3 mm (plane 2) above the bottom end cap in
the cells with flat and curved bottom cap are shown
in Figs. 10-12. In plane 1, both mean and max-
imum flow velocity increase with increasing rota-
tion rate (Fig. 10). In plane 2, there is a shallow
minimum in the mean flow velocity at 15 rpm, and
then the mean flow velocity decreases beyond
20 rpm (Figs. 11 and 12).

The mean flow velocity obtained from values
measured at particle locations was always higher
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Fig. 9. Direction of flow observed in the vertical plane depends
on the position of this plane (1 or 2) relative to the axis of the
circular flow in the horizontal plane.
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Fig. 10. Mean and maximum flow velocities (um/s) measured in
a horizontal cross section 10 mm above the bottom end cap of
height 1 mm: (@) Mean flow velocity obtained from the mea-
sured values; (ll) mean flow velocity obtained from the interpo-
lated values; (O) maximum flow velocity obtained from the
measured values; ((J) maximum flow velocity obtained from the
interpolated values.

than that obtained from interpolated values. This
can be explained as follows. If we assume that all
the particles move at the same velocity, then those
moving parallel to the light sheet (plane of observa-
tion) would have the highest apparent velocity and
the longest residence time within the sheet. The
particles moving at a sharp angle to the light sheet
would have the smallest apparent velocity. They
also would be within the sheet for the shortest time,
often too short for a velocity measurement. Thus,
the particles with the slowest apparent velocity
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Fig. 11. Mean and maximum flow velocities (um/s) measured in
a horizontal cross section 3 mm above the bottom end cap of
height 1 mm: (@) Mean flow velocity obtained from the mea-
sured values; (ll) mean flow velocity obtained from the interpo-
lated values; (O) maximum flow velocity obtained from the
measured values; ((J) maximum flow velocity obtained from
interpolated values.
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Fig. 12. Mean and maximum flow velocities (um/s) measured in
a horizontal cross section 3 mm above the bottom end cap. Flat
bottom end cap: (@) Mean flow velocity obtained from the
measured values; (M) mean flow velocity obtained from the
interpolated values; (O) maximum flow velocity obtained from
the measured values; ((J) maximum flow velocity obtained from
the interpolated values.

would be undercounted. Consequently, the inter-
polated values yield a more accurate measure of the
mean apparent velocity.

4. Discussion

The flow pattern in the vertical plane numer-
ically calculated by Friedrich et al. [7,9] is very
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similar to that observed in our experiments. Unfor-
tunately, they did not plot flow patterns in the
horizontal planes, making it impossible to compare
with our results.

The flow mode transition observed in the hori-
zontal cross section 3 mm above the bottom end
cap is in agreement with the theoretical prediction
of Arnold [8,11]. A plot of Ad versus centrifuge
rotation rate is shown in Fig. 13. It is seen that at
the observed transition, the value of Ad was be-
tween 1 and 1.3. This transition was not detected in
the side-view experiments. This illustrates the im-
portance of end-view observations when dealing
with convective flows on a centrifuge. Friedrich
et al. [7,9] did not report a flow transition in their
numerical simulation. However, they may have
missed it because they displayed flow patterns only
in the vertical plane and only for two different
rotation rates.

In the horizontal plane 3 mm above the bottom,
a shallow minimum in the mean flow velocity was
found at a rotation rate of 15 rpm. The mean flow
velocity decreased with increasing rotation rate be-
yond 20 rpm (Fig. 11), suggesting that a deeper
minimum could occur at higher rotation rates. No
minimum in the flow velocity was associated with
the flow transition observed in this plane.

Similar flow patterns were observed at 10, 15
and 20 rpm in the horizontal cross section 3 mm

Flow transition

Ad

0.8 -

04 |-

0.2 1 1 1 | 1 ! 1
10 15 20 25 30 35 40

Centrifuge rotation rate, rpm.

Fig. 13. Ad corresponding to the experiments with the test cell
having a curved bottom. Symbols correspond to the flow pat-
terns in a plane 3 mm above the bottom end cap shown in
Fig. 7. (W) Fig. 9a; (@) Fig. 9b; (®) Fig. 9¢; (A) Fig. 9d; (V)
Fig. 9e.

above the bottom in cells with flat and 1 mm height
end caps. This leads us to the conclusion that the
curvature of the end cap does not appreciably affect
the flow in the cell at low rotation rates when the
end cap height is 1 mm or less.

5. Conclusions

The flow pattern observed in the vertical plane in
our test cell filled with water agrees well with that
calculated by Friedrich et al. [7,9] for a germanium
melt. The flow mode transition observed in our
experiments occurs at about the rotation rate pre-
dicted by Arnold et al. [8,9]. The mean flow velo-
city in the horizontal plane 3 mm above the bottom
of the cell decreased beyond a rotation rate of
20 rpm. This suggests that it is possible that a deep
minimum in the flow velocity occurs at a higher
rotation rate. Further numerical modeling, consid-
ering all aspects of centrifugal directional solidifi-
cation, needs to be performed to reach a complete
understanding of this complicated phenomenon.

Nomenclature

Test cell geometry

distance to a horizontal
cross sectional plane

Dimensional quantities

radius of the test cell, m
C, specific heat of the liquid, J/kg K

IS
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g acceleration due to earth’s gravity,
9.81 m/s>

h height of the concave bottom end
cap, m

k thermal conductivity of the liquid,
J/msK

[ length of the test cell, m

Ng net acceleration ¢y, vector sum

of g and w?r,, with value of

V9 + (@)%, m/s?

Te distance of the center of the bot-
tom end cap from the centrifuge
axis, m

T temperature, K

u dynamic viscosity of the liquid,
kg/ms

w centrifuge rotation rate, rad/s

Subscripts

a axial value

bottom value near the bottom of the cell

C cold

H hot

max maximum value

r radial value

top value near the top of the cell

Nondimensional quantities

Arnold number Ad = 0*[Ty—Tclo/Ng[Tu—Tcl,
For constant axial gradient
Ad = w?*I*/Ngh

Prandt]l number Pr = C,u/k
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