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Three-dimensional numerical computations of natural convection in a cylindrical ampoule (L/R = 4) are
presented for a gallium doped germanium melt. The ampoule is maintained at isothermal end conditions and the
g vector is orientated at an angle 7 with the horizontal cylinder axis. Detailed velocity, temperature, and
concentration field distributions are presented for different gravity levels and for a range of inclination angles
(0 < 7 < 180 deg)» For terrestrial conditions (l£o, where £o is Earth gravity), complex, multicellular flow is
found to occur for 0 < y < 180 deg. The strong convection results in significant isotherm distortions and
enhanced heat transfer. As the gravity level is reduced to 10~3£o, the overall convection strength decays but the
three-dimensional, multicellular flow persists causing appreciable mass transfer. For a further reduction in the
gravity level to 10~5£<^ the system thermal characteristics approach purely diffusive conditions. Flow, thermal,
and solutal distributions are presented in the principal, orthogonal, and cross-sectipnal planes; and the average
system heat and mass transfer are calculated.

Nomenclature
A = aspect ratio of cylinder, L/R
C = concentration
e = unit vector
Gr = Grashof number, Ra/Pr
g, g = gravitational acceleration
h = heat transfer coefficient
k = thermal conductivity !

L = length of the cylinder
Nu = Nusselt number, Eq< (§)
Pr = Praridtl number, V/GL
p = pressure
R = radius of cylinder, length scale
Ra = Rayleigh number, gpATR 3/vot
r — radial location
Sh = average Sherwood number, Eq. (6)
T = temperature
t - time
U, VyW - dimensionless velocity components, (/t/ref)
u, v, w = Cartesian velocity components (x,y,z) directions,

respectively
C/ref = velocity scale, (a/R)(PrRa^A

X,Y,Z = dimensionless coordinates, (/R)
a = thermal diffusivity
j8 = thermal expansion coefficient
7 = g vector orientation from horizontal cylinder axis
A = difference
0 = dimensionless temperature, 2(T - Tr)/AT
fji = dynamic viscosity
v = kinematic viscosity
p = density
<i> = dimensionless concentration, 2(C - Cr)/AC
6 = azimuthal location
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Subscripts
c = cold wall
h = hot wall
r = average value
ref = reference value
x,y = unit vector for direction
0 = terrestrial conditions

Introduction

C RYSTAL growth from melts has received renewed inter-
est in recent years, with the prospect of growing better

and larger crystals during extended duration space missions
planned for the future. Researchers are constantly striving to
improve known techniques and to develop new methods for
growing high quality exotic crystals as the technological hori-
zon utilizing these Crystals expands on all fronts. Understand-
ing the fundamental transport processes in various crystal
growth methods is an important basic step from which short-
comings can be identified and appropriate remedial measures
can be contemplated. Most present day crystals are grown
with the addition of a solute or dopant to the melt, to yield
certain properties desired of the crystal. A homogeneous dis-
tribution of the solute in the crystal is critical in obtaining
these desired properties. The solute transport is in turn influ-
enced greatly by the convection present in the melt. This study
examines the basic corivective behavior of a melt and the
related heat and solutal transfer in a cylindrical crystal growth
cell. Specifically, the effect of the gravity vector g orientation
on the cbnvective heat and solutal transfer in a cylindrical cell
is investigated.

Ths study of flow instability in cylindrical cells heated from
below has been the subject of many investigations. The onset
of axisymmetric and asymmetric convection in such configu-
rations has been examined by linear stability analyses,1*2 non-
linear analysis,3 numerical computations,4'7 and experi-
ments.8'9 The heated cylinder in a horizontal orientation has
also been numerically studied by a number of researchers (see
Refs. 9-12 and references cited therein). Experimental and
modeling work for this geometry has been done by Schiroky
and Rosenberger13 and Smutek et al.14 However, the convec-
tion phenomenon in inclined cylinders has received consider-
ably less attention. Bontoux et al.4'15 presented three-dimen-
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Fig. 1 Schematic of the cylinder geometry; cross-section locations:
A,L/4;B, L/2; C, 3L/4.

Table 1 System parameters and properties of
gallium doped germanium melt

Ampoule radius R , m
Ampoule length L , m
AT7, K
p, kg/m.s
p, kg/m3

v, mVs
a, m2/s
/?, 1/K
Z>, mVs
Pr (v/a)
Sc (v/D)
Gr

0.005
0.02
100
7.28 X 10~4

5.6 X 103

1.3 x 10~7

1.3X10-5

2.50 X 10 ~ 4

1.3 X 10~8

0.01
10.0
1.814 x 106

sional numerical solutions for thermal buoyancy driven
convection in tilted cylinders and compared their results with
data from their experiments. A good qualitative and quantita-
tive agreement between the experiment and the modeling ef-
fort was reported. The study considered a slender cylinder
(A = L/R = 10) with Ra = 20,000 and inclination angles up
to 60 deg from the horizontal. Velocity and isotherm distribu-
tions were reported; but the system heat transfer was not
characterized: Recently, results from numerical experiments
on the Bridgman directional solidification of GaAs were re-
ported by Arnold et al.16 Their results showed that when the g
vector (magnitude 10~5g0) was perfectly aligned to the am-
poule axis (bottom heated case), the flow was axisymmetric
(four cell behavior). When the resultant g vector was tilted by
as little as 0.05 deg from trie axis, the flow displayed a transi-
tional behavior to, asymmetric convection, which cbmpletely
dominated the cell at 7= 0.5 deg. Very limited studies on
combined solutal and thermal transfer have been reported in
surveyed literature. Results from a numerical study of Soret
separation of a two component binary mixture in microgravity
were reported by Heriry and Rdiix.17

The past experimental and numerical investigations have all
revealed complex flow behavior in cylindrical cells that is
dependent on a;,number of factors. For instance, the cylinder
orientation, heating conditions, aspect ratio, the Rayleigh and
Pratidtl numbers q£ the fluid, all play a significant role in
influencing the, flow characteristics. In most instances, the
flow is asymmetric and degenerates into oscillatory motion
when Ra is increased. Even experiments in space have been
found to be affectejd"by convective instabilities,17 The study of
convection within cylinders that are inclined at an arbitrary
angle with respect tq the gravity vector are of particular inter-
est to researchers in the, microgravity program, since small,
steady accelerations do occur in orbit ami it is difficult to align
the direction of these accelerations with the axis of the crystal
growth cell. The effect of the g vector orientation and magni-
tude on such crystal growth and fluids experiments has yet to
be fully understood. This study aims to gain a better under-

standing of tlie fluid mechanics, and heat and mass transfer
associated with some of these flows.

Geometry Description and Solution Strategy
A schematic of the cylinder geometry used in the investiga-

tion is shown in Fig. 1. It consists of a right circular cylindrical
cell (A -L/R =4) with differentially heated end walls. As
shown in the figure, the g vector is orientated at an angle 7
from the horizontal cylinder axis. The end walls are main-
tained at isothermal temperatures Th and Tc with Th > Tc.
Thus, for this geometry, 7 = 0 deg corresponds to the bottom
heated case. A linear temperature profile is prescribed for the
cylinder side wall which corresponds to a5 purely diffusive wall
behavior (conduction). The end wall boundary conditions for
solute transport are similar to the temperature conditions with
C = Cc at x = 0 arid C = Ch at x = L, with Ch > Cc. How-
ever, a zero solutal gradient condition is imposed on the
azimuthal cylinder wall. This boundary condition (Neumann-
type gradient condition) is more appropriate than a prescribed
value (Dirichlet-type condition) because the solute is present in

Fig. 2 Boundary fitted coordinate grid, 41 x 21 x 21.
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Fig. 3 Comparisons between computations and experimental results
for a heated horizontal cylinder.
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the melt only in small quantities as a dopant and has a rela-
tively small diffusion coefficient compared to the high con-
ductivity of the melt. The convective motion is driven by the
thermal buoyancy force generated in the melt due to the
imposed axial temperature gradient. Contributions due to so-
lutal buoyancy are assumed to be negligible and, hence, are
not included in this study. The principal (x-y)9 orthogonal
(x-z) cylinder planes, as well as the axial locations of cross-
sectional planes (A, B, and C) are identified in the figure.
These planes will be used in later sections to present vector and
scalar distributions. The differential equations governing the
transport of mass, momentum, energy, and species in the
system are the conservation equations for mass (continuity),
momentum (three-dimensional incompressible Navier-Stokes
equations for a Boussinesq fluid), temperature, and concen-
tration. No-slip velocity conditions are imposed on the cylin-
der walls and the temperature/concentration conditions are as
mentioned previously. A gallium doped germanium melt is
modeled in the present investigation and the relevant system
and melt properties are summarized in Table 1. The governing
equations are cast into nondimensional form using scale fac-
tors for length R, velocity Uref, temperature 6 = 2(T - Tr)/
(Th - Tc) and concentration $ - 2(C - Cr)/(Ch - Cc). The
transformed equations are shown next in vector form.

V-i> = 0 (1)

vt = - y/7 - (vV)v + (Gr - 5) V2v - excos 7(0/2)
+ eysin 7(0/2)

0, = -„. V0 + (Pr/te)-|v20

$, = _ „ , v$ + (Sc ~ l Gr - |

(2)

(3)

(4)

The equations and boundary conditions are solved by a three-
dimensational solver set up in generalized body-fitted (curvi-
linear) coordinates.18 The transport equations are discretized
by finite difference approximations using an upwind scheme
based on second-order central differences with artificial
damping for the convective terms and standard central differ-
ences for the remaining terms. A pressure-based predictor,
multicorrector solution procedure19 is employed to ensure ve-
locity-pressure coupling and divergence-free flowfield solu-
tions. To validate the code, numerical simulations were car-
ried out for the horizontal cylinder problerri (7 = 90 deg).

This problem has been experimentally investigated by Schi-
roky and Rosenberger13 using pressurized gases for a range of
Rayleigh numbers and for a cylinder with an aspect ratio
L/R = 10. Detailed velocity distributions were measured us-
ing laser Doppler velocimetry at various axial locations in the
cylinder. Cases 2, 4, 6, and 7 in their investigation13 were
chosen for simulation in the validation exercise. A 41 x 21 x
21 grid (x, y, and z directions, respectively) was used in the
computations, and the grid distribution is shown in Fig. 2.
Computations were carried out until a convergence criteria,
e = 10 ~ 5, was attained for the sum of the normalized residuals
for the momentum, pressure correction, energy, and concen-
tration equations. Convergence was typically attained in about
300 time steps, corresponding to a CPU time of about 8 min
on a Cray XMP computer. Comparisons between the mea-
sured and computed velocity profiles in the principal plane
and at axial location x =L/2 are presented in Fig. 3. Very
good agreement between the two results is evident at all but
the highest Rayleigh number investigated. Present computa-
tions for Ra = 18,700 predict the peak velocity magnitude
correctly, but the location of this peak is shifted with respect
to the measurements. It is to be noted that the measurements13

for this value of Ra, are not symmetric across the centerline
(y = 0), with a slight outward shift observed in the upper-half
of the plane. No runs were repeated with further grid refine-
ment, and the level of agreement seen in the figure between the
computations and measurements was deemed adequate for
code validation purposes. It may be added that the code has

also been successfully tested against transient two- and three-
dimensional benchmarks for different Reynolds number
flows.19

Results and Discussion
Numerical simulations for the gallium doped germanium

melt were carried out for the following terrestrial and reduced
gravity situations:

1) Gravity g = \g0 and 7 = 0, 45, 90, 135, and 180 deg.
2) Gravity g = 10~3g0 and 7 = 0, 10, 20, 30, 45, 90, 135,

and 180 deg.
3) Gravity g = 10 - 5g0 and 7 = 0, 45, 90,135, and 180 deg.
All of the calculations were performed for cell dimensions

noted in Table 1 and for a temperature difference AT = 100 K.
Since the gravity effect on the melt is reflected as the thermal
buoyancy force Ra in the governing equations, results for case
2 noted earlier can also be interpreted as the results for
g = 10~5go and AT = 104 K (a two-order increase in the tem-
perature difference over case 3). In all of the simulations, the
same grid distribution adopted previously (41 x 21 x 21, Fig.
2) was employed. The computation time for each run, how-
ever, was significantly increased due to the slow convergence
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Fig. 4 Velocity vector and isotherm distributions; g
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of the concentration equation. This is due to the lower diffu-
sivity of gallium (Sc = 10) compared to the thermal conductiv-
ity of germanium (Pr = 0.01). Typically, 800-1500 time steps
were required to achieve convergence (e = 10 ~5). In the fol-
lowing sections, detailed velocity, isotherm and isomer (con-
stant concentration) distributions will be presented for repre-
sentative cases. The average heat and mass transfer will also be
presented as dimensionless Nusselt and Sherwood numbers
defined as

Nu =t

Sh = ;

\(d6/dX)dYdZ

(d$/dX)dYdZ

(5)

(6)

Terrestrial Gravity (g = Igo, Ra = 1.814 x 104)
Steady-state results were obtained for five inclination angles

(ranging from 7 = 0-180 deg) for a system Rayleigh number
Ra = 1.814 x 104. A sampling of the velocity vector and
isotherm distributions is presented in Fig. 4. The distributions
are for the principal plane identified in Fig. 1, except for 7 =
90 deg, for which the flow and thermal fields are also pre-
sented for the orthogonal (x-z) plane. Identical velocity scal-
ing is adopted for all vector plots to facilitate magnitude
comparisons. The g vector orientation with respect to the
cylinder axis is also shown for each case.

Flow Characteristics and Heat Transfer
For all of the situations where convection exists (all of the

cases except 7 = 180 deg), the flowfield exhibits multicellular
behavior, with the thermal field showing appreciable effects of
the convective flow. For 7 = 0 deg (bottom heated case), one
major counter-clockwise (CCW) circulation cell is clearly visi-
ble along with counter-rotating-clockwise (CW) vortices lo-
cated at the cell corners. Such asymmetric convective behavior
is predicted by linear theories1'2 and was also numerically
computed by Crespo et al.5 for Prandtl numbers (0.02, 0.7,
and 6.7). The incipience of asymmetric convection has been
shown1'2 to occur in bottom heated cylinders with an aspect
ratio A - 1.6. At lower values of the Rayleigh number, only
one asymmetric cell is found to occupy the entire cell, with the
longitudinal flow being essentially parallel to the axis. As the
Rayleigh number is increased, the primary convection pattern
is found to incline to the cylinder axis, and the beginnings of
the corner vortices are observed.5 The overall convection
strength is seen to increase as 7 is increased to 90 deg, after
which the circulation strength starts to decay. For 7 = 180 deg
(stably stratified orientation), there is no flow present in the
cell as no driving buoyancy force exists for this orientation. It
is also noted that for all of the cases where convection is
present, the main flow cell is found to be inclined to the
cylinder axis, similar to the findings in Ref. 5 for a vertical
cylinder. The development of boundary layers is also evident
in all of these cases. Attention to the flow pattern in the
orthogonal plane for 7 = 90 deg shows the presence of four
recirculating cells. Similar behavior was reported in Ref. 4
where convection inside a vertical cylinder (A = 2) was numer-
ically investigated. In the present investigation, this four cell
behavior is found to be feeble for 7 = 0 deg and strongest for
the horizontal case (7 = 90 deg, shown in Fig. 4). Isotherms in
this instance, shown alongside the vector plot, show them
drawn away by the convective flow from the center to the end
walls. As 7 is increased further, the four cell behavior is found
to persist but the convective flow strength is attenuated.

The isotherm distributions in the principal plane shown in
Fig. 4 echo the flow characteristics discussed in the previous
section. They are drawn by the flow from the hot to the cold
wall in the upper-half of the cylinder and show the opposite
trend in the lower-half of the cylinder. It is to be noted that the
melt has a high thermal conductivity and, hence, no severe
temperature gradients are observed in the system for any case.
On the other hand, solute computations for this case showed
very strong concentration gradients which were not resolved

135°

180e

Fig. 5 Axial velocity variation with inclination angle; g



308 RAMACHANDRAN AND DOWNEY: GRAVITATIONAL AND SOLUTAL EFFECTS

0.02
±0.122

Fig. 6 Cross-sectional velocity and isotherms; section B, g =

Isothermal
plane

by the relatively coarse grid used in the investigation. Detailed
computations with a finer grid to correct this problem are part
of a separate investigation. The overall system heat transfer
that is characterized by the average Nusselt number will be
discussed in a later section. The axial velocity u distributions
at x = L/2 is shown in Fig. 5 as surface plots for different
inclination angles. For 7 = 0 deg, the core velocity resembles
an S curve. As 7 is increased to 45 deg, the velocity maximum
is shifted toward the cylinder wall, and the flow shows a
characteristic boundary-layer type Z profile. The flow displays
a more or less linear distribution across the cylinder cross
section, between the flow maximum and minimum values.
Some departures from this linear behavior are seen at the
outer edges of the core surface. At 7 = 45 deg, the flow (u
velocity) is already close (8.2%) to the maximum value which
is attained at 7 = 90 deg. Previous research14 has ̂ hown that in
long horizontal cylinders with Ra < 3580 the axial velocity
component in the core can be predicted quite accurately by
asymptotic theory. For Ra > 3580, however, the flow ex-
hibits a boundary-layer type behavior, and the analytical pre-
dictions show marked deviations from measured velocity pro-
files. In the present study, velocity profiles for 7 = 45, 90, and
135 deg all show boundary-layer type behavior. For a further
increase in the tilt angle (7 = 135 deg), flow decay is clearly
evident with the maximum value now being 75.4% of that at
7 = 90 deg. The location of this maximum is also seen to shift
away from the cylinder wall. At 7 = 180 deg, no discernible
flow is present as the fluid is stably stratified. It may be
pointed out that the maximum u velocity (located at x =^L/2)
is found to be within 5% of the maximum system velocity. The
contributions due to v and w components are thus minimal for
all of the angles. For example, the maximum system velocities
for 7 = 0 deg and 7 = 90 deg are 0.483 cm/s and 2.733 cm/s,
respectively, and the corresponding maximum u velocities are
0.468 cm/s and 2.732 cm/s, respectively. Cross-sectional ve-
locity and isotherm plots at section B (x = L/2) are shown in
Fig. 6 for the different tilt angles investigated. A multicellular
behavior is noticed at 7 = 0 deg. As 7 is increased, this flow
waxes and wanes in strength with the horizontal station
(7 = 90 deg) representing the maximum flow location. The
isotherms also show the increase and decrease in heat transfer
with the inclination angle. This effect is quantified by the
isotherm contour values included in the figure. It is interesting
to note that the isotherms show symmetry about the centerline
even though the main flow (principal plane) is inclined to the
cylinder axis. This is because for the present setup (A =4),
only a single dominant circulation cell is present, and the flow
is essentially parallel to the cylinder axis in the vicinity of
section B. It will be seen later that concentration profiles at

sections A and C that are far removed from the half-length
location do not display the aforementioned symmetry.

Reduced Gravity (g = 10~3^0, Ra = 18.14)
Detailed computations for this case are carried out for

7 = 0, 10, 20, 30, 45, 90, 135, and 180 deg. For 7 = 0 deg, the
Rayleigh number is below the critical value required to trigger
convection. For A = 4, the critical Rayleigh number has been
calculated to range from 1041 (see Ref. 2) to 1114 (Ref. 1).
Thus, both 7 = 0 deg and 7 = 180 deg represent no-flow situa-
tions and the melt is found to be linearly stratified with respect
to the temperature and concentration fields. As the cylinder
axis is tilted slightly (7 = 10 deg) with respect to the g vector
orientation, a circulation cell driven by thermal buoyancy is
observed. This cell is found to occupy the entire cylinder (in
the principal plane) and no secondary corner vortices are
perceived. This single cellular behavior is noticed at all the
inclination angles for which convection is present. Although
moderate convection is seen for 30 deg < 7 < 135 deg, the
isotherms are not affected by the flowfield due to the low melt
Prandtl number. This points to the fact that in a reduced
gravity environment, flat crystal interfaces can be successfully
obtained. Thus, the average Nusselt number is equal to 1.0
(pure diffusive behavior) for all of the simulations. The solute
field, however, shows significant convection effects as dis-
cussed in the next section.

Flow Characteristics, Heat and Mass Transfer
Results for 7 = 90 deg are typical of the overall results

calculated for this situation. Principal, orthogonal, and cross-
sectional plane plots for this geometry are presented in Figs. 7
and 8, respectively. The flow, thermal, and solutal fields are
shown in Fig. 7, whereas only the flow and solutal field
distributions are shown in Fig. 8 since the cross-sectional
planes are isothermal. Inferences drawn from these figures are
now presented sequentially, starting first with Fig. 7.

1) A single flow cell is seen in the principal plane with a
maximum u velocity of 0.0145 cm/s. This compares to a
maximum axial velocity of 2.733 cm/s for Ig0 and the same
angle of inclination. In the orthogonal plane, however, the
four cell (symmetric) behavior seen for Ig0 is recaptured; the
flow velocities in the vortices, however, are considerably re-
duced in magnitude.

2) Both the principal and orthogonal plane isotherm dis-
tributions show a purely diffusive behavior. No flowfield ef-
fects are reflected on the system heat transfer. This behavior
persists at all inclination angles.

3) However, the solute field shows a strong influence of
convection in the melt. The isomers are drawn in the direction
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Fig. 7 Velocity, temperature, and concentration fields; 7 = 90 deg

Section A Section B Section C

* . =-0.677 * . =-.320 $ . =-0.183mm mm min

max=0.183 $ =0.320 $ = 0.677max max
A$ = 0.05 A$ = 0.05 A<f> = 0.05

Fig. 8 Flow and concentration profiles at cross section B; y = 90 deg

of the flow in both the principal and orthogonal planes and
show appreciable distortions. Since Ra is significantly lower
than the Ig0 case, the 41 x 21 x 21 grid is adequate to resolve
the solute boundary layers in the melt. The isomer distribu-
tions are found to be symmetric about the vertical centerline in
the orthogonal plane.

4) Strong solutal gradients are observed near the cylinder
end walls that translate into considerable mass transfer in
these regions. The average Sherwood number variation with 7
will be discussed in a subsequent section.

5) The isomers in the principal and orthogonal planes also
suggest the existence of a core volume in the melt (with
boundaries approximately 0.5R from all solid walls), where
the solute field is essentially uniform. This represents a layer
characterized by low velocities.

The following inferences are based on cross-sectional plots
shown in Fig. 8.

6) The flowfield essentially shows fluid rising near the hot
end of the cylinder (section C) and descending adjacent to the
cold end (section A). At the midsection B, fluid convection is
very feeble and a dominant flow pattern is not evident.

*fl
0 I

Fig. 9 Surface plots of axial velocity, section B; g = 10~3#o. From
top 7 = 0, 10, 20, 30, 45, 90, 135, and 180 deg.
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7) Since the thermal field is linearly stratified (axial direc-
tion), the isotherms show no variation across the cross-sec-
tional planes and, hence, are not included in the figure.

8) However, the solute field shows significant response to
the convective flow and reflects the flow behavior. Section C
shows the upward migration of isomers due to the upward
buoyant flow, and section A contours show the downward
shift of isomers due to the downwelling flow. The symmetry
observed at section B about the horizontal centerline indicates
the presence of localized symmetric flows in this region.

It may be mentioned here, that for the other angles investi-
gated, similar trends are noticed in the flow, temperature, and
solute fields although to varying degrees. Maximum convec-
tive strength is observed at 7 = 90 deg, and the solute fields
also show maximum isomer distortions for this inclination
angle.

Surface plots of the axial velocity are presented in Fig. 9 for
all of the cases that were computed. The gradual buildup of
the buoyancy force as a function of increasing inclination
angle is clearly evident. A maximum value is attained at 7 =
90 deg, and the flow decays subsequently to still conditions
(no convection) at 7 = 180 deg. For all of the angles where
convection is present, the flow profiles are S shaped in con-
trast to the Z profiles seen for Ig0.

Microgravity (g - 10~5£o)
Computer simulations for the microgravity environment

show diffusion dominated thermal and solutal transports.
Even though feeble convection is observed, the isomer distor-
tions are minimal. A sampling of principal-plane flow and
solute distributions and isomers in a cross-sectional plot (sec-
tion B) are presented in Fig. 10 for 7 = 90 deg (maximum
convection strength). A single circulation cell seen in the longi-
tudinal plane causes the concentration distribution seen in
section B. The isomer response to the flow is very subdued in
contrast to that seen for 10~3g0- Incidentally, results for
10~3g0 can be interpreted as results for 10~5g0 (microgravity)
but with a system AT" = 104 K. As the imposed temperature
gradient is increased, the convection strength is augmented
which, in turn, increases the system heat and mass transfer.
The maximum system velocity is —1.5 jLim/s for 7 = 90 deg. It
is even lower at the other inclination angles. It may be noted
here that at this gravity level, the velocities are of the same
order as typical translation rates of crystal growth cells in a
furnace; approximately 1 mm/h ( = 0.3 jum/s). This is of
particular importance in obtaining crystals of good quality.
Brown20 and references cited therein predicted that radial seg-
regation of solute in a crystal reaches a maximum at accelera-
tion levels that induce convective flows of the same magnitude
as the crystal interface translation rate. The reason for this
prediction is as follows. At high convective flows, segregation
is minimized due to strong mixing. As the flow decreases,
mixing becomes poor and segregation increases. The maxi-
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Fig. 10 Velocity and solute distributions; 7 = 90 deg and g
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Fig. 11 Variation of average Nusselt number and maximum veloci-
ties with inclination angle, g = IgQ.
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Fig. 12 Variation of mass transfer and maximum velocities with
inclination angle, 10~3£o and 10~5#o-

mum segregation occurs when flows are just strong enough to
transport material from the advancing interface but are not
strong enough to recirculate the material throughout the melt.
For still weaker flows, there is insufficient flow to cause
significant segregation to develop at the crystal interface, and
a crystal with good radial uniformity is obtained. Examination
of results from the present computations shows that a crystal
grown at Ra = 0.1814 (10 ~ 5g0) will exhibit a larger degree of
radial segregation than the one grown at Ra = 18.14 (10~ 3g0).
Thus microgravity may actually prove deleterious in this par-
ticular instance.

System Heat and Mass Transfer
The overall system heat transfer is presented in Fig. 11 for

terrestrial gravity conditions, Ig0. Also shown in the figure,
are the maximum u, v, and w velocities for various inclination
angles. For 7 = 0 deg, the average Nusselt number is 1.03
(> 1.0, pure diffusion) due to the presence of convection (u,
v, w >0.0). As the inclination angle is increased, convection
becomes more vigorous and results in enhanced heat transfer.
The Nusselt number attains a maximum value of ~ 1.30 at
7 = 70 deg, before dropping down to 1.0 at 7 = 180 deg. This
correlates to the velocity behavior that also shows a maximum
at 7 2= 70 deg. Two-dimensional computations of natural con-
vection in side-heated rectangular, tilted enclosures21 also
showed a similar heat transfer behavior, yielding a maximum
Nu at 7 = 60 deg. The computations were for Pr = 10 and Ra
= 2000-8000. As mentioned earlier, the u velocity is the dom-
inant velocity in the system followed by v and w components
in that order. The maximum u occurs at x ^L/2, and the
maximum v and w are both located at x « 0.97L (adjacent to
the hot end wall).

Average Sherwood numbers for g = 10 ~ 3g0 and 10 ~ 5gQ are
plotted in Fig. 12 as a function of the inclination angle. Also
included in the figure are the maximum velocities for the
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10~3go case. The average Nusselt number is equal to 1.0 for
both these gravity values and does not show any effect of the
inclination angle. The Sh curve for 10 ~ 3#0 does not show the
skewness observed in the heat transfer behavior for Ig0, and
the occurrence of the maximum also coincides with the veloc-
ity maximum. It appears that the incipience of the corner
vortices contribute to the skewed heat transfer behavior at Ig0.
The maximum calculated u velocity (- 150 /rni/s) is two or-
ders of magnitude lower than the wmax at Ig0 ( — 2.7 cm/s).
Velocities for 10~5g0 are < 2 /mi/s and similarly represent a
two order of magnitude reduction from the 10~3g0 case.

Conclusions
Three-dimensional computations of natural convection in a

tilted cylindrical cell are reported for terrestrial and reduced
gravity environments. The calculations were carried out for a
gallium doped germanium melt with the cylinder end walls
maintained under isothermal conditions and the azimuthal
wall assumed to be perfectly conducting. Results from the
computations show that for the Ig0 case, the flow is multicel-
lular both in the principal and orthogonal planes and causes
appreciable heat transfer in the system. The flow and temper-
ature fields show boundary-layer characteristics, and the max-
imum flow velocity and heat transfer is computed for 7 — 70
deg. The inadequate resolution of the solutal boundary layer
by the coarse grid used in the computations precluded the
calculation of the solutal distributions for Ig0. For g = 10 ~ 3g0
(reduced gravity), the melt is linearly stratified with respect to
the thermal field, but the solute field shows significant effects
of the convective flow. There is no convection at 7 = 0 deg
since the system Ra is below the critical value. The four
cellular behavior seen for Ig0 is recaptured in the orthogonal
plane, but in the principal plane a single recirculation cell
occupies the entire calculation domain. The maximum system
velocity ( — 150 /jm/s) occurs at 7 = 90 deg, and the maximum
mass transfer is also calculated at this tilt angle. The axial
velocity distributions display S profiles in contrast to the Z-
type profiles perceived at lgQ. For a further reduction in the
gravity level to 10~5go» some isomer distortions are evident
due to a feeble convection in the melt (maximum velocity < 2
jbtm/s). The thermal field is linearly stratified as before, and
the solute field approaches diffusive behavior. The results
show that for a crystal growth problem, reduced gravity can
assist in obtaining good quality crystals by providing flat
growth interfaces due to isothermal cross sections. However,
radial segregation could be more pronounced at 10~5g0 than
at higher g levels and this could be a potential problem. This
problem may be alleviated by the choice of different system
physical parameters to further reduce the Rayleigh number.
The calculations further show that under microgravity condi-
tions (for cases where convection is present), the inclination
angle 7 has minimal effect on the flow and mass transfer of
the system.
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