Proc. Natl. Sci. Counc. ROC(A)
Vol. 21, No. 1, 1997. pp. 20-36

(Scientific Note)
Material Processing of Convection-Driven Flow Field
and Temperature Distribution Under Oblique Gravity

Ru J. HUNG anD YING-TiaAN LONG

Department of Mechanical Aerospace Engineering
The University of Alabama in Huntsville
Huntsville, Alabama, U.S.A.

(Received June 26, 1995; Accepted February 6, 1996)

ABSTRACT

A set of mathematical formulations is adopted to study vapor deposition from source materials
driven by a heat transfer process under normal and oblique directions of gravitational acceleration with
an extremely low pressure environment of 102 mmHg. A time step animation series of the initiation
and development of flow and temperature profiles during the course of vapor deposition has been
obtained through the numerical computation. Computations show that the process of vapor deposition
is accomplished by the transfer of vapor though a fairly complicated flow pattern of recirculation
under normal direction gravitational acceleration. It is obvious that there is no way to produce a
homogeneous thin crystalline film with fine grains under such a complicated flow pattern of recirculation
with a non-uniform temperature distribution under normal direction gravitational acceleration. There is
no vapor deposition due to a stably stratified medium without convection for reverse normal direction
gravitational acceleration. Vapor deposition under oblique direction gravitational acceleration in the vertial
direction is favorable for production of a homogeneous thin crystalline film. However, oblique direction
gravitational acceleration also induces an unfavorable gravitational acceleration along the horizontal
direction, which is responsible for initiation of a complicated flow pattern of recirculation. In other words,
it will be necessary to carry out vapor deposition under a reduced gravity in future space shuttle experiments
with an extremely low pressure environment so as to process vapor deposition with a homogeneous
crystalline film with fine grains. Fluid mechanics simulation can be used as a tool to suggest the most
optimistic experimental method with the best setup to achieve the goal of processing the best nonlinear

optical materials.
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l. Introduction

In recent years, a great deal of interest has
been directed toward the use of organic materials in
the development of higher efficiency optoelectronic
devices. There is a myriad of possibilities among
organics, which allows flexibility in the design of
unique structures with a variety of. functional group
objectives. The use of nonlinear optical (NLO)
organic materials as thin film waveguides allows
full exploitation of their desirable qualities by
permitting long interaction lengths and large power
densities with modest power input (Nayar and
Winter, 1990). There are several methods in use for
preparing thin films such as the Langmuir-Blodgett
method (Carter et al., 1983; Kajzar er al., 1983;
Kajzar and Meissier, 1988), growth from sheared
solution or melt (Thakur and Meyler, 1985; Thakur

et al., 1986; Seymour et al., 1985), and melt growth
between glass plates (Ledoux et al., 1986). This
method for preparing thin films has shown some evi-
dence that microgravity processing with extremely
low pressure of 10> mm Hg may be beneficial (Paley
et al., 1992).

Epitaxial growth on ordered organic and inor-
ganic substrates and variations in processing condi-
tions have been used to prepare highly oriented
polydiacetylene and phthalocyanine films (Paley et al.,
1992). The relationships of processing conditions to
uniformity in thickness, the degree of orientation,
and nonlinear optical properties are very important.
Also, improvements in fabrication techniques for
growth of thin films by means of vapor deposition
would be useful. Time variation of the initiation and
formulation of flow fields and temperature distribu-
tions during the vapor deposition process under an
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extremely low pressure environment (Paley et al.,
1992) can provide a better understanding of the
framework to determine whether nonlinear optical
thin films should be grown in space to improve uni-
formity in thickness and homogeneity if ground-based
research and theoretical studies indicate that this is
feasible.

The NASA Marshall Space Flight Center is
currently performing research to vapor deposit
films of phthalocyanine and diacetylene monomer
(Paley et al., 1992). A better understanding of
flow profiles and temperature distribution for
vapor, which is produced from source material and
propagates through the major driving mechanisms
of heat transfer with natural convection and dif-
fusion processes, can greatly enhance and improve
the technique of nonlinear optical material process-
ing.

In this study, the initiation and development
of time-dependent, three-dimensional fluctuations
of flow profiles and temperature distribution driven
by heat transfer with natural convection under
normal and oblique directions of gravitational
acceleration with an extremely low pressure environ-
ment have been considered (Paley et al., 1992).
The purpose of this study was to investigate the
possibility of processing vapor deposition under
normal gravity with various directions to produce a
homogeneous thin crystalline film with fine grains.
Results of the present study will provide the critical
guidelines for future space shuttle experiments. The
size of the container adopted in this simulation will
serve directly to facilitate the infrastructures to be
used for both ground-based and space shuttle experi-
ments.

Il. Mathematical Formulation

The governing equations, and the initial and
boundary conditions for the present study of con-
vection-driven material processing are illustrated be-
low.

1. Governing Equations

Consider a co-axial cylinder with an inner
radius of R; and an outer radius of R,. The heights
of the outer and inner cylinders are L, and (L,—L,),
respectively. Figure 1 shows the geometrical con-
figuration of the co-axial ‘cylinder. For the purpose
of considering the mathematical formulation, we
adopt cylindrical coordinates (r, 8, z) with cor-
responding velocity components (#, v, w) and
corresponding components of gravity acceleration

(g g6, 8,)- Figure 1(a) and (b) show the geometrical
configuration of a co-axial cylinder in the r—z
plane and r—0 plane, respectively. There are two
temperature zones in this co-axial cylinder. The ex-
ternal walls of the outer cylinder are surrounded
by a water jacket which maintains a constant
temperature of 120°C while the walls of the inner
cylinder keep a constant temperature of 30°C.
The cell, containing air, is evacuated to a pressure
of 10 mmH, (=1.333 N/m?), and the gap between
the outer and inner walls of the co-axial cylinder is
filled. The flow profiles and temperature distri-
butions of low pressure air are mainly governed by
the natural convection of the flow pattern in this prob-
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Fig. 1. Geometrical illustration of co-axial cylinders to be used for
mathematical modeling, (a) in the r—z plane, and (b) in the
r—0 plane.
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lem. The governing equations can be shown as
follows:
(1) Continuity Equation
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(3)Energy Equation
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Here, p, p, T, i, k, and g denote the density, pressure,
temperature, viscous coefficient, heat conduction co-
efficient of air, and background gravity acceleration,
respectively. is the angle between the gravity vector
and the axis of the cylinder. In this case, T.. and
p- represent the air temperature and density at
10> mmHg and the heat sink at the wall of the
inner cylinder at 7=30°C. In these mathematical
expressions, the Boussinesq approximation is em-
ployed to formulate the relationship between local
fluctuations of density and temperature through the
thermal expansion coefficient 8, with replaces the
equation of state.

2. Initial and Boundary Conditions

The initial and boundary conditions have been
assigned explicitly to solve governing Egs. (1) to (5)
simultaneousl.

A. Initial Condition

At time r=0, all the flow profiles vanish, i.e.
u=v=w=0 everywhere. (6)

The temperature distribution of fluid along the
inner cylinder is 30°C, and that of the water jacket
surrounding the outer cylinder is 120°C, which is
expressed by

T=30°C at r<R;, 0<6<2m, L;<z<L, 7

T=120°C at z=0; r>0; 0<6<27w 8
at z=L,; r>0; 05627 9)

at 0<z<L,; r=R,; 0<6<L27. (10)

The pressure profile inside the container is

p=10"2 mmHg=1.333 N/m?, (11)

B. Boundary Conditions

At time >0, the temperature distribution shown
in Egs. (7) to (10), and the pressure profile shown in
Eq. (11) remain true.

For the flow profiles, no penetration and no slip
coditions along the surfaces of solid walls shall apply,
namely

u=v=w=0 (12)
along the surfaces of

r=Ry, 0<6<2x, L<z<L,; (13)

r20, 0<6<2r, z=0; (14)

r>0, 0<6<2nm, z=L,; as)
and

r=R,, 0<6<2m, 0<z<L,. (16)

A co-axial cylindrical container designed to
be used directly in future space shuttle experiments
is illustrated in Fig. 1 with the following specifica-
tions: Ly=6 cm, Ly=12 cm, R;=0.9 cm, and R,=1.5
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cm. The physical parameters for determining flow
fields and temperature distributions are: gravity accel-
eration g,=9.81 m/s?, air pressure=1.333 N/m?, air
density=1.71x107° kg/m?, air viscosity coefficient
=2.0x107 m%s, coefficient of thermal expansion for
air (8)=2.87x107% L/K, and Prandtl number for air=
0.72.

To investigate the most significant driving param-
eters in this study, let us consider the inertia, buoyancy
and viscous terms,

® /L ~ g,BAT ~ vald, 17)
réspectively, which are on the same order of magnitude
in the momentum equation shown in Eq. (4); and the
convection and conduction terms,

W/LAT ~ a ATI6, (18)
respectively, which are also on the same order of
magnitude in the energy equation shown in Eq. (5).
Here, 07 is the thermal boundary layer thickness; L is
the height of the container along the z-axis; v=u/p is
the kinematic viscosity; and a=k/pc, is the thermal

diffusivity. From convection and conduction terms in
Eq. (18), from inertia and buoyancy terms in Eq. (17);.

and from buoyancy and viscous terms in Eq. (17), we
can obtain the induced convective velocity of flows as
follows:

® ~ oL/S7 19)

® ~ (g BLAT)" (20)
and

w ~ (g,B8AT)v, (1)

respectively. By equating Eqgs. (19) and (21), we have
the relationship

67/L ~ Ra™'", 22)
based on the balance between buoyancy and viscous
forces. By equating Eqgs. (19) and (20), we have another
relationship:

Sf/L ~ (RasPr)™ ~ (Gry™ (Pr)™?, 23)
based on the balance between buoyancy and inertia
forces. Here, the Rayleigh number (Ra), Grashof number
(Gr), and Prandtl number (Pr) are defined as

Ra=g,BL*AT/av (24)

Gr=g,BL*AT/V*=RalPr (25)

and

Pr=v/a. (26)
Since the heat transfer coefficient scales as k/dr (Bejan,
1995), the Nusselt number (Nu) varies as

Nu=hL/K ~ Ra'* 27)
from Eq. (22) based on the balance between buoyancy
and viscous forces inside the thermal layer; and Nu
varies as

Nu ~ (Ra-Pr)'"* ~ (Gr)'* (Pr)'? (28)
from Eq. (23) based on the balance between inertia
and buoyancy forces inside the thermal layer. As
indicated by Bejan (1995), both theoretical and
laboratory measurements show that Eq. (27) is particu-
larly applicable for Pr>1 fluids while Eq. (28) is
dominated by Pr<<l1 fluids. For the case of the
present research, the dominant parameter is the
Rayleigh number rather than the Grashof number (Bejan,
1995).

In this study, it will be shown later in the
numerical simulation that the maximum induced
flow velocity driven by convection is 0.2 m/s. The
Reynolds number (Re=wD/v, where D is the dia-
meter of the container) for the flow pattern based
on this maximum flow velocity is 150, which is far
below the threshhold for production of turbulent
flow fields. The Grashof (Gr) and Rayleigh (Ra)
numbers for the present case study are 8x10° and
7.8x10%, respectively, under the normal gravity con-
ditions. It is well-known that the condition for the
onset of convection with fluid layers heated from
below is Ra>1.1x10° (Bejan, 1995). In other words,
the total elimination of the onset of induced con-
vection, considering the proposed container size, is
possible only in a reduced gravity environment of
10~* g, and below.

I1l. Mathematical Simulation of Flow
Profiles and Temperature
Distributions

Equations (1) to (5) subject to the initial condi-
tions shown in Eqgs. (8) to (11) and the boundary con-
ditions shown in Egs. (12) to (16) have been used to
solve time-dependent, three-dimensional flow
profiles and temperature distributions numerically.
The computer algorithms employed in this study
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Fig. 2. Flow profile initiation and development in the r~z plane at 6=0° and 180° under normal direction (y=0°) gravitational acceleration.

have been developed and illustrated in our earlier
studies (Hung et al., 1992a, 1992b, 1992¢c, 19924,
1993a, 1993b, 1994a, 1994b, 1994c, 1994d, 1994e)
and will not be repeated. The time step is determined
automatically based on the size of the grid points
and the velocity of the flow fields. As the thickness
of the boundary layer is inversely proportional to the
square root of the Reynolds number, the size of the
grid points shall be adjusted according to the flow
fields of the Reynolds number. In other words, the
size of the grid points shall be smaller as the flow
fields of the Reynolds number become greater.
Failure to adjust the size of the grid points on the
basis of increasing Reynolds numbers will result in
numerical instabilities which will have great impact
on local oscillations (Kitchens ef al., 1978; Kitchens,
1980; Hung and Pan, 1995). Special care shall be
used to eliminate these numerical instabilities by
properly adjusting the size of the grid points, which
will eventually contribute to the adjustment of time
steps. It is needless to say that the development of

real physical instability will certainly occur at a
higher Reynolds number since contributions by
viscosity effects to damping of flow disturbances will
be reduced. It is very important for us to distinguish
the differences between numerical and real
physical instabilities, particularly for flows with high
Reynolds numbers.

In this study, two sets of grids, with grids of
17x34x42 and 23x34x82 along the (r, 8, z) coor-
dinates, have been designed to carry out numerical
computations. For a Reynolds number of 150 with a
maximum induced velocity of 0.2 m/s, as in the
present case, there is no difference for numerical
results obtained for either grid chosen. By using the
grids of 17x34x42 in the computation of flows with
higher Reynolds numbers such as Re>1500 with an
induced velocity of 2.0 m/s and higher extremely
severe numerical instabilities of the flow field
result. With grids of 17x34x42, the average time
step determined from the size of the grid points and
the velocity of the flow fields is 0.0007 s while the
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Fig. 3. Flow profile initiation and development () in the r—@ plane at z=5.55 cm under normal direction (y=0°) gravitaitonal acceleration;
and (b) in the r—6 plane at z=0.45 cm under normal direction (y=0°) gravitational acceleration.

CPU time required by a CRAY 1I supercomputer to
execute one time step is 3.019 s. The total CPU time
consumed for each of the three cases in this study is
12000 s.

In this study, the directions of the background
gravity along the three different directions with
w=0°, 45° and 180° along the r—z plane with 6=0° are
chosen as orientations to investigate the charac-
teristics of convection-driven flow and temperature
profiles.

Various references have been cited by Bejan
(1995) in the study of induced convective heat
transfer with fluid layers heated from below, top, side,
oblique etc. under normal atmospheric pressure. As
mentioned in the Introduction, this study investigated
the time dependence from initiation and formation
of flow fields and the temperature distribution
throughout the vapor d\eposition process. The
objective was to determine the sensitivity of the for-
mation of nonlinear optical thin films to convection
in a relatively low pressure environment of 107
mmHg (Paley et al., 1992). To our knowledge, there

have been no studies on induced convective heat
transfer at relatively low pressure; hence, there is no
available literature for comparison. However, there
is quali-tative agreement of flow profiles and tempera-
ture distributions for induced convection at both
normal atmospheric pressure and 1072 mm Hg low
pressure.

1. Convection Driven by the Normal Direction
(v=0°) to Gravitational Acceleration

The time animation of the development of flow
fields under bottom heating, i.e., the normal direction
(y=0°) of gravitational acceleration, is illustrated in
Fig. 2 for convection-induced flow vectors (inm terms
of the directions and magnitudes of convection
induced-flow velocities) in the r—z plane. The maxi-
mum velocity represented by each subfigure is speci-
fied separately in the corresponding subfigure. For
convenience of comparison, in the Fig. 2, 4 subfigures
condense all the flow patterns at time sequences
t=0.58, 1.72, 2.39, and 3.10 s. The following results
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Fig. 4. Initiation and formation of a temperature profile in the r—z plane at 6=0° and 180° under normal direction (y=0°) gravitational

acceleration.

summarize the flow patterns in this series of
subfigures in Fig. 2: (1) A convection induced
downward flow toward the bottom of the outer
cylinder with an inflow stream is initiated at the
bottom of the central column at time 7<0.2 s (not
shown). (2) A convection induced downward flow
along the surface of the inner cylinder with inflow
from the surface of the outer cylinder toward
the surface of the inner cylinder (at the upper
section of the container within the slender gap
between the co-axial cylinders) is also initiated
during the time period of 0.2 s<t<0.4 s. (3) A con-
vection induced flow pattern of upward flow along
the surface of the outer cylinder and downward
flow along the surface of the inner cylinder (central
column) is gradually formed (at the upper section
of the container within the slender gap between the
co-axial cylinders) with intensified flow velocities.
This downward flow is accompanied by a stream
of inflow from the surface of the outer cylinder to
the inner cylinder during the time period of 0.2
$<t<0.9 s. (4) A convection-induced inflow pattern
toward the center of the axial coordinate at the

upper section of the container with a height of
z>2.7 cm, and an outflow pattern toward the
surface of the outer cylinder at the lower section
of the container with a height of z<2.7 cm are
gradually formed for time r>0.9 s. (5) A con-
vection induced flow pattern of two recirculation
flows has centers at (r., z.)=(%1.9, 2.7) cm, where
r. and z. denote the centers of recirculation flow
along the r- and z-coordinates, respectively. The
circulation direction of the left-hand-side induced
convection recirculation flow is clockwise while
that of the right-hand-side induced convection
recirculation flow is counter-clockwise for time
>1.3 s.

Figure 3(a) and (b) illustrate the flow patterns
of convection induced inflow and outflow. Figure
3(a) shows the time animation of initiation and
development of convection induced inflow in the re-
gion below the central column (at z=5.55 cm). Figure
3(b) shows convection induced outflow in the region
near the bottom of the outer cylinder (at z=0.45 cm).
Figure 3(a) and (b) also show convection induced
flow vectors (in terms of the directions and mag-
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Fig. 5. Flow profile initiation and development in the r—z plane at 6=0° and 180° under reverse normal direction (¥=180°) gravitational

acceleration.

nitudes of induced flow velocities) in the r—8 (x—y)
plane. The maximum velocity for each subfigure is
also specified separately in the corresponding
subfigure. It is interesting to note that there is an
induced inflow zone with flow from the surface of
the outer cylinder inward toward the center located
at the upper section of the container for heights at
z>2.7 cm. There is also an induced outflow zone
with flow from the center toward the surface of
the outer cylinder at the lower section of the con-
tainer for heights at z<2.7 cm. Before the induced
flow is developed to such a clear-cut flow zone of
(1) an upper part with inflow and (2) a lower part
with outflow for the flow approaching steady-state
from transient formation, there is an induced tem-
porary flow pattern at the beginning of flow for-
mation. Fignre 3(a) shows that there is induced
temporary outflow is formed at the exterior region
of the container near the surface of the outer cylinder
at the very beginning of flow initiation. This in-
duced flow zone disappears quickly as flow develop-
ment nears steadystate. Obviously, the major vapor
deposition at the bottom surface of the central

column is contributed by the induced inflow from
exterior flow zones which are brought upward along
the bottom surface of the outer cylinder. In other
words, the flow analysis indicates that vapor deposition
at the bottom surface of the central column does not
result from direct upward diffusion from the source
materials stored at the bottom surface of the outer
cylinder. It is, rather, a vapor deposition process
resulting from a fairly complicated induced flow pat-
tern of recirculation.

Figure 4 shows a time animation of the initiation
and formation of temperature profiles due to induced
convection in the r—z plane at 6=0° and 180° during
the course of the entire induced flow region develop-
ment. The curves shown in Fig. 4 are the isothermal
lines with values of temperature indicated in °C at the
corresponding locations. The results of comparison of
Figs. 2 to 4 can be summarized as follows: (1) At time
t=0 (not shown), there is very sharp temperature dis-
tribution variance from 30 to 120°C in a fairly thin
layer. (2) An initiation of downward flow from the
bottom of the central column toward the bottom of the
outer cylinder immediately creates a gradually expand-
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ing positive temperature gradient along the downward
directions for time #>0.1 s. (3) A flow pattern of
induced inflow from the surface of the outer cylinder
toward the center of the axial coordinate promotes a
parabolic shape temperature profile with the tip located
around the center of the axial coordinate downward
toward the bottom of the outer cylinder due to the
induced downward cold streams from the bottom of the
centeral column toward the bottom of the outer cylinder
for the time 7>0.1 s. (4) An induced upward profile
of temperature distribution at the exterior region around
the surface of the outer cylinder is a result of an upward
flow pattern along the corresponding outer surface of
the cylinder. (5) An induced downward profile of
temperature distribution immediately around the neigh-
borhood of the surface of the inner cylinder (central
column) is a result of the induced downward flow
pattern along the corresponding surface of the central
column.

2. Convection Driven by the Reverse Normal
Direction (y=180°) to Gravitational
Acceleration

The time animation of the development of
induced flow fields upon top heating, i.e., the reverse
normal direction (y=180°) to gravitational accelera-
tion, is illustrated in Fig. 5 for convection induced
flow vectors (in terms of the directions and mag-
nitudes of induced flow velocities) in the r—z plane.
The maximum velocity represented by each sub-
figure is specified separately in the corresponding
subfigure. This problem can be divided into two
sections with upper and lower regions for flow
fields induced by the reverse normal direction (y
=180°) gravitational acceleration. In the upper
region for z>6 cm, the problem can be associated
with horizontal heating from the walls of the outer
cylinder toward the walls of the inner cylinder in a
flow zone within the narrow cylindrical slit of
space. In the lower region for z<6 cm, the problem
is that of vertical heating from the top (downward
gravity direction). As the source materical is located
at the surface of z=0, and the location of vapor
deposition is at the bottom horizontal surface of
the central column at z=6 cm, the upper flow
profile in z>6 cm has very little effect on the flow
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pattern formation of vapor deposition. Thus, we
can ignore the flow profiles induced within a
narrow cylindrical slit of space. As to the lower flow
region at z<6 cm, Fig. 5 shows that stably stratified
~medium and natural convection is completely prohib-
ited.

For the reverse normal direction to gravitational
acceleration, Fig. 6(a) and (b) show the time ani-
mation of initiation and development of outflow
in the region below the central column (at z=5.55 cm)
and inflow in the region near the bottom of the
outer cylinder (at z=0.45 cm), respectively. Figure
6(a) and (b) also show flow vectors (in terms of
the directions and magnitudes of induced flow
velocities) in the r—6 (x—y) plane. The maximum
velocity for each subfigure is specified separately
in the corresponding subfigure. Comparison of
Figs. 5 and 6 shows some interesting results as
follows: (1) Practically, ‘there is no induced flow
field for natural convection along the vertical
direction, and only a stratified medium is shown
in the r—z plane for z<6 cm due to the phenomena of
vertical heating from the top (downward gravity direc-

tion). (2) There is a very small induced flow along
the horizontal direction in the r—6 plane for z>6 cm-
due to heating from the side walls. There is a slightly
larger flow at the top than at the bottom in this region
due to the low temperature of the central column at
z>6 cm.

Figure 7 shows the time evolution of initiation
and formation of temperature profiles driven by the
reverse normal direction (y=180°) to gravitational
acceleration in the r—z plane at 6=0° and 180°. The
curves in Fig. 7 are the isothermal lines with tempera-
ture indicated in °C at the corresponding locations.
Again, the figure clearly shows two regions between
the upper and lower parts. For the upper region
z>6 cm, horizontal heating from the side walls
drives the convective flow toward the central wall
within a narrow cylindrical slit. Figure 9 depicts a
series of isothermal curves with decreasing tempera-
ture from the side walls toward the central column.
As indicated earlier, this region is not important
in our study of vapor deposition from source materials
located on the surface at z=0 transferring vapor and
forming thin films at the bottom of the central
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Fig. 8. Flow profile initiation and development in the r—z plane at 8=0° and 180° under oblique direction (y=45°) gravitational acceleration.

column at z=6 cm. On the other hand, there is not
much variation in the dynamics of the temperature
distribution for the lower region z<6 cm because
the region is filled with the stably stratified
medium, and natural convection is completely prohib-
ited.

3. Convection Driven by the Oblique Direction
at 45° to Gravitational Acceleration

In this case, the cell is allowed to tilt at 45° relative
to gravitational acceleration, the r—z plane, with 8=0°.
In other words, the induced flow profile shown in
Fig. 8 places the r—z plane at 6=0° and 180°. The
illustration is that of convective flow induced by a
vector summation of gravitational acceleration with
a horizontal component at 0.707 g, (g,sin45°) right-
ward and a vertical component at 0.707 g, (g,cos45°)
downward. On the other hand, the induced flow
profile shown in Fig. 9 with the r—z plane at 8=90° and
270° shows convective flow induced by reduced
gravity acceleration component with a magnitude of
0.707 g, downward.

Comparison of Figs. 2 and 8 shows the following
results: (1) There is a downward flow toward the
bottom of the outer cylinder with an inflow stream
initiated at the bottom of the central column for
both normal and oblique gravitational accelerations
at time #<0.2 s. (2) A downward flow along the
surface of the inner cylinder with inflow from the
surface of the outer cylinder toward the surface of
the inner cylinder (at the upper section of the
container within the slender gap between the co-
axial cylinders) occurs for both normal and oblique
gravitational accelerations during the time period
0.2 s<t<0.4 s. (3) Patterns of upward flow along the
surface of the left-side outer cylinder and downward
flow along both surfaces of the inner cylinder
(central column) and the right-side outer cylinder
are gradually formed (at the upper section of the’
container within the slender gap between the co-
axial cylinders). Flow velocities are intense and
are accompanied by a stream of inflow at the left
side from the surfaces of the outer cylinder to the
inner cylinder, and by outflow at the right-side
from the surfaces of the inner cylinder to the outer
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Fig. 9. Flow profile initiation and development in the r—z plane at 8=90° and 270° under oblique direction (y=45°) gravitational acceleration.

cylinder. These flows are driven by a 45° direction
oblique to the gravitational acceleration during the
time period of 0.2 s<t<0.9 s. This asymmetric flow
profile is quite different from the symmetric flow
profile resulting from the w=0° direction, the
normal gravity acceleration. (4) An inflow pattern
at the left-side and outflow at the right-side for a
height of z>1.2 cm, and an outflow pdttern at the
left-side, and inflow at the right-side for a height
of z<1.2 cm are gradually formed for time #>0.9 s.
(5) There is a pattern of asymmetric recirculation
flow with its center at (r., z.)=(0.6, 1.2) cm, where r,
and z. denote the center of the recirculation flow along
the r- and z-coordinates, respectively. The direction
of the recirculation flow is clock-wise during time
>1.2 s.

In contrast to Fig. 8 for an induced asymmetric
flow profile in the r—z plane at 6=0°-180° and y=45°
to an oblique direction gravitational acceleration,
Fig. 9 shows an induced symmetric flow profile in
the r—z plane at 6=90°-270° due to a reduced
0.707 g, gravity acceleration in the downward
direction. Comparison of Figs. 2 and 9 shows differ-

ences in induced flow fields driven by normal (1 g,)
and reduced (0.707 g,) gravitational accelerations.
The major differences are as follows: (1) Upward
motions along the surface of the outer cylinder are
shown for flow induced by the normal gravity accel-
eration while similar upward motions around the
central axis of the cylinder result from flow in-
duced by the reduced gravity acceleration. (2)
Downward motions around the central axis of the
cylinder are illustrated for flow induced by normal
gravity accelerations while the upward motion
around the central axis of the cylinder accompanied
by downward motion along the surfaces of both
sides of the outer cylinder result from flow induced
by the reduced gravity. (3) There are two recircu-
lation flows generated with centers at (r., z.)=
(1.9, 2.7) cm and at (r., z.)=(£0.8, 3.2) cm for
flows induced by normal and reduced gravity accel-
erations, respectively. (4) The flow directions of
the left-hand side and right-hand side recirculation
zones are clockwise and counter-clockwise, respec-
tively, for flows induced by the reduced gravity
acceleration. These different results in the patterns
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of flow recirculation show a very important find-
ing that the reduced gravity can help in promoting
direct transport of source materials at the bottom
of the outer cylinder to the location of vapor depo-
sition at the -bottom of the central column without
going through the complicated flow profiles of a
transport process performed under normal gravity
environment.

To illustrate the flow patterns of inflow and
outflow, Fig. 10(a) and (b) show the time animation
of initiation and development mostly of outflow in
the region immediately below the central column
(at z=5.55 cm) and mostly of inflow in the region
near the bottom of the outer cylinder (at z=0.45 cm),
respectively. Figure 10(a) and (b) also show flow
vectors (in terms of the directions and magnitudes
of induced flow velocities) in the r—6 (x—y) plane.
The maximum velocity for each subfigure is specified
separately in the corresponding subfigure. It is inter-
esting to note that there is a flow zone with mostly
outflow from the region around the central axis of

the cylinder outward toward the direction of the
surface of the outer cylinder with a location at the
upper section of the container for heights of z>0.8 cm.
There is also a zone with mostly inflow from the
surface of the outer cylinder toward the central axis
at the lower section of the container for heights of
z<0.8 cm. The horizontal component of gravitational
acceleration of 0.707 g, contributes to the initiation
of very complicated flow profiles, shown in Fig. 10(a)
and (b), where there are inflow components shown
for heights of z>0.8 cm, and outflow components
shown for heights of z<0.8 cm in the range 135°<@
<225°. In other words, because of the horizontal
components to gravitational acceleration due to an
oblique orientation with respect to gravity acceleration,
vapor deposition at the bottom surface of the central
column is a combination of (1) inflow from external
flow zones of the cylinder in the range 135°<6<225°
which are brought upward along the surface of the
outer cylinder due to sublimation of source materials
stored at the bottom surface of the outer cylinder,
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and (2) the direct transport of source materials with
upward flow from the bottom surface of the outer
cylinder to the location of vapor deposition in the
ranges of 6<135° and 6>225°. In other words, the flow
analysis indicates that vapor deposition at the bottom
surface of the central column benefits from direct straight
upward diffusion from the evaporation of source
materials stored at the bottom surface of the outer
cylinder exposed to the oblique direction gravitational
acceleration in the ranges of 6>225° and 6<135°. In
other words, obliqued direction gravitational accelera-
tion can not completely secure better quality vapor
deposition because of the presence of the horizontal
component of gravitational acceleration.

Figures 11 and 12 show the time animation
of initiation and formation of temperature profiles
in the r—z plane at 6=0°-180° and at 6=90°-
270°, respectively, during the course of the entire
flow region development under oblique direction
gravitational acceleration. Figure'11 shows the
temporal variation of isothermal lines resulting

from the combination of rightward and downward
gravity accelerations. It shows clearly the initiation
and development of isothermal lines with a com-
bination of rightward and downward movements.
Comparison of Fig. 8 for the velocity profile and
Fig. 11 for the temperature profile illustrates very
interesting similarity between these two groups of
curves.

Figure 12 shows the similar temporal variation
of isothermal lines from another angle point of
view which results from reduced gravity acceleration
with a magnitude of 0.707 g,. Initiation and devel-
opment of the cone shape temperature profile
results from a direct upward induced flow from the
bottom surface of the outer cylinder toward the
bottom surface of the central column. The tem-
perature profiles shown in Fig. 12 and the flow
profile shown in Fig. 9 strongly suggest that the vapor
deposition under a reduced gravity environment may
be able to promote material processing of vapor depo-
sition with a homogeneous crystalline film with fine
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grains.

IV. Discussion and Conclusion

In this study, mathematical formulations of the
initiation and development of fluid profiles and
temperature distributions driven by the heat transfer
process of natural convection under normal and
oblique directions of gravitational acceleration with
an extremely low pressure environment have been
examined. The purpose of present study was to inves-
tigate the characteristics of vapor deposition under a
low pressure environment to be used to promote the
processing of nonlinear optical materials by growing
homogeneous fine grains of thin crystalline films of
diacetylene monomer (Nayar and Winter, 1990).
Numerical computation of a full set of non-linear
fluid dynamics shows that the vapor deposition
process has to be accomplished through a fairly
complicated flow pattern of recirculation under
a normal gravity environment both in normal and
oblique directions which are the major driving

forces to induce natural convection in a low pressure
environment. For the case of natural convection
under normal gravitational acceleration with an
oblique direction along a plane perpendicular to the
gravity acceleration, the results show the possibility

‘of inducing a simple direct updraft motion to

transport source materials from the location of
storage to the location of vapor deposition under a
reduced gravitational acceleration in the ranges
of 6<135° and 6>225°. The oblique direction gravi-
tational acceleration is always accompanied by a
component of gravitational acceleration in the
horizontal direction, which excites complicated
flow patterns in the regions of 135°<6<225°. The
existence of a horizontal component of gravitational
acceleration is unavoidable for any experiment
subjected to oblique direction gravity. It can be an-
ticipated that there is no way to produce completely
homogeneous thin crystalline films with fine grains
under such a complicated flow pattern of recirculation
with a nonuniform temperature distribution in a
normal gravity environment. This study suggests
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that it is necessary to adopt a unique environment
with microgravity to eliminate natural convection.
In so doing, we can carry out an experiment which
can simplify the flow pattern and reach a goal of
producing homogeneous thin films with fine grains
in future space experiments. Numerical study of
fluid mechanics computation can be used to deter-
mine the best experimental method with the best
setup to achieve the goal of processing the best
quality nonlinear optical materials in future space
experiments.
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