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ABSTRACT

The quality of crystals grown from melt depends on the flow field in the melt. To simulate melt conditions,
a finite element analysis is performed on flow in a heated cavity under the driving forces of natural
convection, thermocapillary effects and rotation. In addition, the gravity field is modulated to simulate a
microgravitational environment. The purpose for conducting this research is to determine whether the use
of baffles can effectively reduce convection and suppress temperature oscillations. The results show that
the baffle is able to suppress convection and reduce the amplitude of the temperature oscillations when
placed perpendicular to the modulation direction. Under crystal and crucible rotation, the results with
and without baffles are similar. In all cases, baffles did not induce temperature oscillations. From this
study, it can be concluded that the effects of baffles on the flow behaviour depends greatly on the direction
of gravity modulation and frequency.

KEy WORDS Cavity flow Crystal growth Czochralski Finite element Navier-Stokes Microgravity

NOMENCLATURE

a radius of the crystal, T temperature,
E, mean value of the gravitational accelera- AT temperature difference,

tion, T, cold wall temperature,
g gravitational acceleration, T, hot wall temperature,
D, divergence matrix, T, mean temperature, ,
H height of cavity, u velocity component in x-direction,
K., convection matrix, u, x-component nodal value of velocity,
L width of cavity, a, i intermediate velocity,
Mg mass matrix, v velocity component in y-direction,
n; normal vector, v, y-component nodal value of velocity,
r nondimensional pressure, v, D intermediate velocity,
Da node value of pressure, w velocity component in 6-direction,
R radius of cylindrical cavity, W, 0-component nodal value of velocity,
R diffusion matrix of the momentum (x,y) Cartesian coordinates,

equation, (r,z,0) Cylindrical coordinates.
M source term of the momentum equation

in x direction,
S, source term of the momentum equation Greek letters

in y direction, o thermal diffusivity,
At time increment, Ji] thermal expansion coefficient,
0961-5539/95/020141-3352.00 Received June 1993
© 1995 Pineridge Press Ltd Revised January 1994

© Emerald Backfiles 2007



142 MARY C. HO AND B. RAMASWAMY

N gravitg modulation amplitude, * refers to non-dimensional values,
u coefficient of viscosity, intermediate value,
v cocefficient of kinematic viscosity, - intermediate value.
w nondimensionalized frequency, vorticity,
Q bounded domain of R?, , .
o, shape functions, Non-dimensional numbers
¢ phase angle, . R H
v streamfunction, AR aspect ratio, AR = — and —,
P fluid density, H Laa AT*L
o surface tension. Ma Marangoni number, Ma = — ,
T* pua
AT*L3
Subscripts Gr Grashof number, Gr = gﬁ—z,
. v
> derivative w.r.t. r, v
z derivative w.r.t. z, Pr Prandtl number, Pr =,
o, B,y nodal number. « 3
) AT*L
Ra Rayleigh number, Ra = L—,
va
Superscripts
i Re Reynolds number, Re = r_cg.
n nth time steps, v
INTRODUCTION

Crystals have many applications in science and engineering. For example, semiconductor crystals
are used for lasers and integrated circuits. The effectiveness and performance of these devices
depend largely on the quality of the crystal used. Thus, the importance of producing the right
size and quality of crystals is easy to recognize. Before one can learn to control the growth of
a crystal, one must first have a good grasp of the fundamental principles and parameters that
govern the growth process. This study is focused on the growth of large single crystals. The
most common growth-from-melt technique is the Czochralski method. Basically, the Czochralski
method of crystal growth utilizes the melt of a substance as a nutrient for the seed to be grown.
The melt is contained in a cylindrical crucible, and its temperature is maintained at the melting
point of the material by heating the bottom of the crucible. The seed is attached to the lower
end of a pull rod, which is lowered into the melt, then slowly rotated and pulled up as the liquid
metal solidifies around it. Consequently, one could assume that the governing parameters include
aspect ratio, rotation rate, pulling rate, and the magnitude of the temperature gradient between
the top and bottom of the crucible. The key to improving crystal quality is to manipulate and
optimize these parameters to produce the most perfectly formed crystal.

The Czochralski configuration can be simplified and modelled as viscous flow in an enclosed
cavity that is heated at the bottom. Since the melt is usually in the form of a molten metal, a
low Prandtl number is used to represent the fluid. Under normal terrestrial conditions, this
setup would create an unstable density gradient, resulting in the circular motion of the fluid.
Consequently, heat is transferred through conduction as well as through the energy transported
by the circulation of the fluid. This is a typical Rayleigh—Bernard convection problem.

In an effort to improve the quality and size of crystals, scientists have explored the possibility
of processing in space. Although gravity is not exactly zero on the shuttle, it is considerably less
than on Earth. In Spacelab, for instance, the acceleration of gravity can reach about
1 x 1073~1 x 10~* the amount of earth gravity. Consequently, the space environment causes
a significant reduction in sedimentation and buoyancy driven convection. These advantages help
provide the ideal setting and conditions for crystal growth. However, because the g-values are
so low, any seemingly small excitation in the vicinity would prove to be significant. Furthermore,
other forces which dominate in a low gravity environment may be present to change the behaviour
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of the flow. For example, surface tension does not depend on gravity, so surface tension forces
should be considered in any analysis done in microgravity. The gravity field found in the space
environment can be separated into two components: the mean component and the oscillatory
component*. The oscillatory component comes from fluctuations in the gravity field in space,
and they are called g-jitters. G-jitters are usually caused by crew motion, spacecraft manoeuvres,
extra-vehicular activities, and machine operation on board the spacecraft, and can therefore act
in any direction. Since the direction of gravity with respect to the temperature gradient has a
significant impact on the resulting flow regime, it is important to examine the effects of jitter
direction on the flow. Gresho and Sani performed a linear analysis on the effects of gravity
modulation on the resulting critical Rayleigh number2. Jue et al. studied the effects of oscillatory
flow in a cavity using a finite element splitting scheme3. The results of their studies prove that
the frequency and direction of gravity modulation have a significant effect on the stability of
the flow.

Besides changing the environment to improve growth, literature shows that modifications to
the growth configuration can also be effective. It has been suggested that the use of a baffic in
the vicinity of the melt would reduce convection as well as suppress thermal oscillations. Brice
and Whiffen performed experiments in which vertical and horizontal flat plate baffles were placed
in the crucible during the growth of a crystal from a zinc tungstate melt®. They showed in their
experiment that permeable horizontal baffles produced the best results. In addition, Sahai,
Williamson, and Overfelt performed numerical analyses on the effects of placement and number
of baffles on convection in microgravity®. They found that baffles reduced buoyancy-induced
convection considerably. This investigation combines some of the possible configurations and
tactics discussed to determine their effects on the flow behaviour through numerical simulation,
and make some conclusions as to how they might influence the conditions under which a crystal
would be grown.

The objective of this study is to achieve a better understanding of how to improve the conditions
under which a crystal is grown by controlling mass transport. In particular, this study explores
the use of bafiles in a fluid filled cavity for the purpose of controlling convection and reducing
temperature oscillations. The cases analysed deal with the combined effect of natural convection,
thermocapillary convection, and forced convection on the proposed configuration. Furthermore,
all cases considered are simulated under micro-gravitational conditions for different frequencies
and directions of g-jitters.

GOVERNING EQUATIONS

The governing equations for the problems investigated are the transient form of the Navier—Stokes
equations. The equations in this formulation are derived from the principles of the conservation
of mass, momentum, and energy. In this study, the primitive variables are chosen to formulate
the equations, and the stream function is used to display the results. The equations for a
two-dimensional axisymmetric case expressed in r, z, and 6 are shown below. Although the
actual problem is two dimensional, the 8 component of the velocity must be included in the
calculations to account for the effects of rotation.

Continuity
~—(@u)+—=0 inQ 1)
r

r-Momentum

du du du w? 10p ( u)
—tu—+v———=——-= WY Vu—— |+ pg(T—-T,) inQ 2
o o ez x p oz TR Pl ) in @
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z-Momentum

—tu—Ftv—=——4 W+ pg(T—-T) inQ 3
at or 0z por A ) G)
0-Momentum
ow aw ow  uw w
—4u—+v—+—=¥Vw——] inQ 4
ot or oz r ‘( rz) )
Energy
oT T oT
—+u—+v—=0aV’T inQ 5
ot or 0z ©)
The non-dimensionalization scales and parameters used are:
r¥= r z¥ = Z
R R
t* — t * — d
a/R? a/R?
¥ v T*=(T_T"')
a/R? (T, —T.)

where R is the radius of the cylinder and « is the thermal diffusivity. The aépect ratio for this
problem can be defined as AR = R/H, where R is the radius of the cylinder, and H is the height
of the cylinder. The non-dimensionalized form of the equations can now be formed.
Continuity

ou* u* Ov*

—+—+—=0 inQ 6
or* r* ozt ©)

r-Momentum
du* du* Ju* w*? op* 1 ¢ ou* o2u*  u* .
at—*.*-(u*ﬁ-*v*a?)-?‘—:_F—*—Prl:r_*g;;(r*ﬁ?)_*—ﬁ—ﬁ +Sl in Q (7)

z-Momentum

av* ov* av* op* 1 0 ov* 0%v* .
Et—*"i'(ll*ﬁ‘i‘v*%'):—§+PT[FF(T*¥)+F]+52 in Q (8)

0-Momentum
onw* ow* ow* urw* 1 9 w*\  *w* w*\ .
F"l"(u*%'*'v*g)-l- r* =Pr[r—*$<r*5;)+ az*z]_Pr(r*_z) in Q (9)

Energy
oT* oT* oT* 2T* 0°T*\ .
a F ("* v T az*) = (6r*2 + 62*2) n Q2 (10)

where
S, =8, = RaPrT*[F,, + ncos(wt + ¢)] (11)

The terms S, and S, represent the modulated body force, and their subscripts denote the direction
of modulation. In the same equation, # is the amplitude of oscillation, w is the frequency, and
¢ is the phase angle. The sinusoidal oscillation is applied here also, so ¢ is zero. The
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non-dimensionalized parameters Pr and Ra are defined as:

Pr= Y
o

AT*R?

Ra = gﬂ—
v

For simplicity, the asterisks denoting non-dimensionalization will be dropped after this point.
The fluid considered in each case is assumed to be two dimensional and incompressible. As
such, the density should be constant and neglected. However, a density gradient does exist due
to the temperature gradient imposed on the cavity. Therefore, the convention is to apply the
Boussinesq assumption, which accounts for the density changes in the body force term. The
density variation is then defined to be:

p=po(l - B(T —T)) (12)

in which f represents the thermal expansion ratio. When surface tension, g, due to temperature
gradient is included in the analysis, the surface tension is defined as:

g = ao(l - '}’(T - To)) (13)

Viscous dissipation and radiation are both neglected. The initial conditions are given in the
form of

u=v=w=0=0 att=0 (14)

For boundary conditions, the velocities are assumed to be zero at all solid boundaries, except
when rotation is involved, and no slip at the free surface. The bottom of the cavity is heated,
and the top of the cavity is cooled. Diagrams defining the problem and boundary conditions for
the rectangular cavity and the cylindrical cavity are shown in Figure 1. Figure la shows the
rectangular cavity problem, and Figure 1b shows the cylindrical cavity geometry, where a is the
radius of the crystal. The Marangoni number shown in the boundary equation for the free
surface represents the ratio of the change in surface tension to viscous force:

0o AT*L
Ma =
oT* pua
and the Reynolds number represents the magnitude of crystal or crucible rotation, and can be
defined as:
2
r’e
Re=—
v
Ohiu) wae=0, T2-0§ (1) 5= w=0, g-n. ‘;_.f=u .
z g Axnymmetri line _;’ E
3 Pz : R
sl _ : R+ 1
s SRR : B
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z sz 713 r FE
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(1) Nasura) Coaveclion 1) Cavity Flow withoat Bafiles
{u) Natural Coavection with Thermocapdiary Coavectin {5) Cavity Flow with Horsoatal Bafes

(a) (b)

Figure I Problem definition: (a) rectangular cavity, (b) cylindrical cavity
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The crystal radius is used to calculate the Reynolds number for crystal rotation, and the crucible
radius is used to calculate the Reynolds number for crucible rotation.

NUMERICAL PROCEDURE

Time discretization

The temporal variables are discretized using a semi-implicit time-splitting scheme. The
advection terms are advanced using the explicit Adams—Bashforth method, and the viscous
terms are advanced using the implicit Euler scheme. The use of the implicit method enables one
to use a large time step, while the explicit method reduces the required storage space. The
fractional step method is used to solve the equations of fluid motion. Basically, the procedure
is divided into four steps:

Step 1
In this step, the pressure and viscous terms are dropped from the r and z momentum equations,

and an intermediate velocity field, #**! and 5"*!, are computed from the convective terms. The
resulting equations written in the form of the Adams-Bashforth scheme are as follows:

A n A n—1 A, N Ayn—1
"t =y — AII:g (u" Ci) _! (u"' 1 ):l - Atl:E (v" ﬂ) _1 (v"' 1 ):I
2 ir 2 cr 2 éz 2 0z
3w\ 1/ 1)
HCORTED)
2\ r 2 r
3 &c" 1 St 3/ o 1 ovn!
antl A Al 2 u” _ - un-l )]—At[—(v"—)——(v"'l—-—):l-i-AfS 16
' ' [2(' 5r) 2( ar 2\ %) 2 P 2 (18)

Step 2
In this step, new intermediate velocity values are determined by including the viscous terms,

which are solved using the implicit Euler scheme. These new velocities are denoted by #**! and
l~/.n+ 1.
1 a~n+1 62~n+1 mnt 1
ﬁ"+l=l-l"+l—AtPr|:-—< Uﬁ )+ uz +llz (17)
r or 0z r
1 aan-&- 1 525n+l
18 5"“=6"“—A1Pr|:—< )+—-—}
(18) r or 0z°

Step 3

The pressure terms are calculated from the Poisson equation using the intermediate velocities.
This ensures that continuity is satisfied. The pressure values obtained are then used to calculate
the corrected velocity values. The Poisson equation is expressed in the following way:

Amnt 1
Vzpn+1 = A,[}ﬁ (rﬁn-fl) + ou :I (19)
rér 0z
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In the following equation, the corrected velocity values, 1 and v, are calculated using the pressure
value solved from (21):

a n+1

Wt = gt — At( ”ar ) (20)
n+1

l)"+1 = 5n+1 - At<apaz > (21)

Step 4

Once the corrected velocities have been computed, the temperature at the next time step,
T"*1, can be calculated directly from the velocity field. The azimuthal velocity is also calculated
at this step. There are no pressure terms in the § momentum equation, so w can be calculated
the same way as the temperature. Both are solved with the same procedure used to solve the u
and v velocities. In the case of the energy equation, the convective terms are advanced in time
using the Adams-Bashforth method,

: : n n—1 n T"—l
Tn+l =T"— At g u* aT ) _1 “n"l aT ) _ At[g (U” oT ) — 1(0"-1 a—)] (22)
2 or 2 or 2 Oz 2 0z

while the diffusive terms are solved using the implicit Euler scheme:

_ 1 a aTn+1 azTn+1
Tn+l=Tn+l_At - = 23
[r or (r or )+ Fipad :l @3)

This same procedure is then applied to calculate the azimuthal velocity, w.

Wl =y — At|:E (u" 6_w") 1 (u"'1 o )] - At|:E (v" 6\_1)") 1 <U"_l il )]
2 or 2 or 2 0z 2 0z
n n—1,.n—1
_ At[g (u w") _ 1 (u W ):I 24)
2\ r 2 r

+1 2,n+1 nt+1
w"“=w'+1—m[13(ra“’" )+6" ]+Az“ 25)

ror or 0z2 r?

Spatial discretization

The spatial variables are discretized by dividing the domain Q into non-overlapping, four
node isoparametric finite elements. To apply the finite element method, the equations are first
written in the integral form. Since an approximate solution is assumed, the governing differential
equations are equal to a residual other than zero. Using the Galerkin method of the weighted
residuals, these integrals are multiplied by a weighting function and forced to equal zero. The
resulting form of the equations is called the weak form. The bilinear quadrilateral interpolation
functions chosen are shown below in natural coordinates:

O, =3(1—-r)(1 —5) (26)
O, =3(1+7r)(1 ~5) (27)
@, =11 —r)(1 + ) (28)
@, =11 +r)(1 +5) (29)
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The approximate solution for each of the variables can now be written as:

u=ud,

v = 0,0,

w=w,D,
P = PP,
T =T,

(30)
G
(32)
(33)
(34

where u,, v,, w,, D,, and T, are the discretized variables at the node ath node. These variables
are later assembled into a global matrix, and the global form of these variables will be denoted
as U, V, W, P and T. After applying the divergence theorem in conjunction with the boundary
conditions, the original set of partial differential equations now become the assembled system

of equations in the following form:

pUp — AtK, UgUy — AtKZ, VEUS

At
(M,,, + AtPrS,; + — PrM,,,z) Ug* 1=
- r

At
+ = M, WiW3 + AS,
r

(M + AtPrS, Vit = M, V3+t — AtKL, UV — AtKZ, V3V + AtS,

afy

At
(Mz,, + AtPrS,; + — PrM,B) W5t = M, W5 — AtK}, UsW5
r

At

— MK, VWS - —

afy

Maﬁ)'U; W;,’

(M,; + AtPrS, )Ty =
The Poisson equation can be written as;
SPp*t = —AuD U + DVt + M,,URHY)
Finally, the corrected velocity values are solved using the following equations:
MUt = M, U5 — AtD,Pat!
MVt = M, V5%t — AtDZ,Py*!

s T3t — AtKT, UBT — AtKZ, ViT!

afy

The coefficient matrices from the above finite element equations are defined as follows:

My= | (D,D;)dQ
JQ

[ 1

M.‘!ﬂz = el (¢¢¢ﬂ) dQ

Jar

Saﬂ = a ((ba,rq)ﬂ,r) dQ + J (d)a-zd)ﬁnZ) dQ
Q

r~

= | @0,0,,)d0Q
Q

afy

~

Ky, = | (@0,0,,)dQ
Q

apy
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(41)
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(43)
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ap = j (D.Dy,,) dQ 47)
4]

s = I (D,D;,;) dQ (48)
0

The coefficients M, S, K and D represent the mass matrix, diffusion matrix, convection matrix,
and the transpose of the divergence matrix respectively. In the axisymmetric case, dQ is simply 2nr.
Part of the results are plotted in the form of streamlines, and the stream function is defined as:

V3 =ro (49)
where
oy 1oy
V=" """ 47 50
v or? rar.’raz2 (50)
and
w= 6_u - 172 (51)
Jz or

The stream function equation is also discretized using finite elements. After multiplying by the
weighting function in the weak formulation, the following equation is derived.

Saﬂll,ﬂ = r(D;BV - D:pU) (52)

RESULTS AND DISCUSSION

Two cases are investigated, one dealing with the rectangular cavity, and the other dealing with
the cylindrical cavity for the axisymmetric flow analysis. The mesh configurations are shown in
Figure 2 and Figure 18. The aspect ratios of the rectangular cavity and the cylindrical cavity
studied are both 0.5. The Rayleigh number is chosen to be 1.771 x 10°, and the Prandtl number
is 0.007. For the rectangular cavity, two different mesh configurations are used for each case,
one for the vertical baffle, and one for the horizontal baffle. For each baffle configuration, eight
different jitter frequencies are tested, four in the vertical direction and four in the horizontal
direction. The results show the streamline pattern and temperature contour plotted from the
time averaged values computed for each case. For the cylindrical cavity, only the horizontal
baffle is tested. The results for this case show plots of the velocity vector, streamline pattern,
and temperature contour. For both cases, the figures described also display the forcing function,
S, or S,, velocity, and temperature point data traced over time at two points, one in the lower
left corner of the cavity, and one near the baffle, both chosen arbitrarily. When the results were
obtained, we hoped to see as little disturbance to the flow as possible. This means having a
symmetric streamline pattern, a conductive temperature contour, and synchronous point data
response at low amplitudes of oscillations.

Summary of rectangular cavity flow without baffles

In the first case of this study, a semi-implicit finite element scheme is used to solve the
rectangular heated cavity flow problem with the addition of baffles under different frequencies
and directions of gravity modulation. No benchmark cases are used to test the numerical code
for the rectangular cavity problem since it has already been tested and presented in previously
published literature®. These published results are used as a reference for comparison with the
results containing the baffle. This section summarizes the results obtained for the rectangular
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E
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Figure 2 Mesh configuration: (a)'non-uniform mesh (20 x 38); (b) non-uniform mesh (24 x 48); (c) non-uniform mesh
(38 x 56); (d) & (e) non-uniform mesh with baffles for natural convection; (f) & (g) non-uniform mesh with baffles for
natural convection with thermocapillary effects
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Table 1 Influence of finite element mesh on the solution

w =45.5, Ma= —100 w =200, Ma=—100

zero-g (vertical jitter) zero-g (horizontal jitter)
Mesh Nu, Nu, Max|¥| Nu, Nu, Max|'¥|
20 x 38 1.998 2.008 0222 2.051 2.055 0.634
24 x 48 2.001 2.004 0.220 2.063 2.066 0.684
38 x 56 2.002 2.004 0.220 2.067 2.068 0.700

cavity flow analysis when no baflles are used. The modulation of gravity has a stabilizing effect
on the flow by suppressing convection until a certain critical frequency is reached. The vertical
jitter frequencies tested are 4543, 200, 45.5, and 20; the horizontal jitter frequencies tested are
450, 200, 85, and 40. When the jitter is acting in the vertical direction, one would see symmetrical
streamline patterns at all jitter frequencies. The temperature contours displays conductive flow
until a frequency of 20 is reached. At w = 20, convection sets in. When a horizontal jitter is
applied on the flow, convection begins to set in at a frequency of 200. In addition, the point
data respond in a synchronous manner until @ = 85 is reached, after which the response becomes
random. The streamline pattern loses its symmetry at a jitter frequency of 40.

In the second part of the study, thermocapillary effects are included in the analysis. Two
Marangoni numbers are used, 100 and 1000. A grid independence study for three different
meshes as shown in Figure 2a-c is listed in Table 1. Because of the computational cost and
accuracy considerations, by observing Table I, a 24 x 48 non-uniform mesh is used in this paper
to provide fine grid spacing near the boundaries of the cavity. When the Marangoni number of
100 is used, the streamline patterns are unsymmetrical, and for the most part, the circulation
takes place near the free surface. Furthermore, weak convective motion can be detected near
the free surface. When a vertical frequency of 20 is reached, the flow regime becomes dominated
by strong natural convection. The point data are synchronous, but turns subharmonic at a
vertical frequency of 20. Similar results are found for the horizontal jitter cases. However, at
the lowest jitter frequency of 85, the point data are random instead of being subharmonic. When
the higher Marangoni is used in the computations, the flow regimes at the lowest frequencies
are found to be dominated by natural convection under both vertical and horizontal gravity
modulation. In addition, the horizontal jitter has a more stabilizing effect on the temperature
point data, changing its response from random to periodic.

Natural convection in rectangular cavity flow with baffles

The results for the cases with baffles are shown in Figures 3 to 17. In the first part of case 1,
natural convection is the only driving mechanism considered. At the higher frequencies, no
significant differences can be found in the time averaged plots or the point data for the addition
of a baffle. More differences can be detected at the lower frequencies. Only the more significant
cases are summarized here. Figure 3 shows the case for the vertical placement of the baffle under
a vertical jitter frequency of 45.5, and the flow behaves as expected in this case. However, when
the vertical jitter frequency decreases to 20, the results in Figure 4 show that use of the vertical
baffle is able to decrease the amplitude of temperature oscillations. The vertical baffle produced
better results under horizontal gravity modulation. For example, Figure 5 shows the case for
the vertical placement of the baffle under a horizontal jitter frequency of 200. At this frequency,
if no baffies are used, convection would begin to set in. However, with the baffle, the isotherms
show that convection is suppressed. Another example is shown in Figure 6. In this example, the
vertical baffle used for w = 85 shows an improvement in point data response. Instead of the
high frequency, random velocity point data behaviour one would expect when no baffles are
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Figure 3 Time-averaged results for Ra = 1.771 x 10°, Pr = 0.007, n = 1.0, w = 45.5, Ar = 0.5, zero-g, vertical baffle
(vertical jitter). (Y, = 0.01395, ¥, = —0.01395)

used, the results show synchronous response from the velocity point data. The last example is
shown in Figure 7, the point data in this Figure show some improvement which resulted from
the presence of the vertical baffle at the horizontal jitter frequency of 40. With the addition of
the vertical baffle, the point data response is subharmonic instead of random, and the temperature
oscillates at a smaller amplitude than the case without the baffle.
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Figure 4 Time-averaged results for Ra = 1.771 x 10°, Pr = 0.007, 5 = 1.0, w = 20, Ar = 0.5, zero-g, vertical baffle
(vertical jitter). (., = 0.3427, Y., = —0.3352)

The same analysis is now done for the cases where the horizontal baffle is used. At a vertical
jitter frequency of 45.5, shown in Figure 8, the results obtained show no significant deviation
from the cases without the baffle. The main improvement is the suppression of convection at
the low vertical jitter frequency of 20. The isotherms found in Figure 9 shows that, at this
frequency, the flow remains in the conduction regime. In addition, the point data at this frequency
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Figure 5 Time-averaged results for Ra = 1.771 x 10*, Pr = 0.007, n = 1.0, w = 200, Ar = 0.5, zero-g, vertical baffle
(horizontal jitter). (Yp,, = 0.1345, ¥, = —0.1345)

show synchronous response with a decreased amplitude of oscillation compared to the
corresponding case without the baffle. In fact, when no baffles are used, convection dominates
the flow, and the point data response is subharmonic. At a horizontal frequency of 85, shown
in Figure 10, the use of the horizontal baffle results in a significant decrease in the maximum
stream function, and the point data are found to be synchronous near the baffle only. Finally,
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Figure 6 Time-averaged results for Ra = 1.771 x 10%, Pr=0.007, 1 = 1.0, @ = 85, Ar = 0.5, zero-g, vertical baffle
(horizontal jitter). (Y max = 2.975, Yrmye = ~2.975)

at a horizontal jitter of 40, the oscillations are at a high amplitude, but also at a higher frequency
than the flow without the baffle. The higher frequency, lower amplitude oscillations are significant
improvements on the flow, because the higher the frequency, the less time exists for the growing
crystal to actually be affected. This can be seen in Figure 11.
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Figure 7 Time-averaged results for Ra = 1.771 x 10°, Pr =0.007, n = 1.0, o = 40, Ar = 0.5, zero-g, vertical baffic
(horizontal jitter). (Y., = 4.335, Y, = —4.335)
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Figure 8 Time-averaged results for Ra = 1.771 x 10°, Pr = 0.007, 5 = 1.0, » = 45.5, Ar = 0.5, zero-g, horizontal baffle
(vertical jitter). (Y ey = 0.1182, Y, = —0.1182)
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Natural convection and thermocapillary effects in rectangular cavity flow

In the second part of case 1, buoyancy induced convection and thermocapillary convection
are the primary influences on the flow. The cases computed for a Marangoni number of 100
are shown in Figures 12 to 15. Figure 12 shows the case for the vertical baffle under a vertical
jitter frequency of 20. The main difference between using the baffle and not using the baffle is
the lower amplitude of temperature oscillation when the baffle is used. When horizontal
modulation is applied to the gravity field, the vertical baffle is able to produce synchronous
point data behaviour instead of random behaviour at @ = 85, shown in Figure 13. The horizontal
baffle under a vertical jitter frequency of 20 is shown in Figure 14. Thermocapillary convection
is present, and the temperature response is synchronous and at a very low amplitude. Under a
horizontal frequency of 85, use of the horizontal baffle also shows significant improvement in
the point data behaviour, because they are synchronous instead of non-periodic. This can be
seen in Figure 15.

At the higher Marangoni number of 1000, the flow characteristics are very similar between
the case without the baffie and with the vertical baffle. The main difference appears in the
streamline pattern. The presence of the vertical baffle impedes the spreading of the thermocapillary
effects, so the flow is dominated by natural convection. When the horizontal baffle is placed in
the cavity, the flow is dominated by surface tension, as can be expected from analysis of the
previous case, where the Marangoni is 100. Figure 16 shows that the vertical placement of the
baffle has detrimental effects to the flow behaviour at a vertical jitter frequency of 20. In this
case, the point data oscillate at high amplitudes and in a random fashion. However, as Figure
17 shows, the horizontal baffle is able to maintain synchronous response under the same
frequency.

From the results observed in the study, the differences and conclusions can be summed up
as follows. For the natural convection case, the addition of baffles were not able to eliminate
convection and temperature oscillations at all frequencies and directions of modulation. In
general, the effects of baffles depended on the direction of the baffle placement with respect to
the modulation direction as well as modulation frequency. For the case with the free surface
flow, the main difference between the vertical baffle and the horizontal baffle is the flow regime.
At the lowest frequency, the flow becomes dominated by buoyancy induced convection for the
vertical baffle in both modulation directions, but the flow with the horizontal placement of the
baffle remains dominated by a weak thermocapillary convection, again in both modulation
directions. For all cases, neither baffle induced temperature oscillations.

Axisymmetric flow analysis

In the second part of this study, the axisymmetric model of the heated cavity with and without
the baffie is investigated using the same numerical scheme. The boundary conditions are shown
in Figure 1b. The two Reynolds numbers used in the boundary conditions have the same basic
definition, and the only difference is that Re, is a measure of the crucible rotation rate, and Re,
is a measure of the crystal rotation rate. Subsequently, the crucible is used in the calculation of
Re,, and the crystal radius is used in the calculation of Re,. The cylinder is a simple model of
the actual crucible in which a crystal would be grown. However, much of the real problem has
been simplified. For example, the current model assumes that the free surface interface between
the crystal and the melt is flat. In the real situation, the shape of the interface should be determined
from the results and not assumed a priori. The type of model used here, in which convective
motion is the main concern, is called ‘Czochralski bulk flow’. The driving forces of the flow
include buoyancy induced convection and forced convection from the crystal and crucible
rotation, as well as from the modulation of the gravity field.

Some benchmark cases are computed to test the validity of the numerical code developed for
the axisymmetric flow analysis. These cases are taken from the examples computed by Crochet
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Figure 11 Time-averaged results for Ra = 1.771 x 103, Pr = 0.007, 1 = 1.0, w = 40, Ar = 0.5, zero-g, horizontal baffle
(horizontal jitter). (Y., = 1.2944, Y. = —1.2944)
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Figure 12 Time-averaged results for Ra = 1.771 x 10°, Pr = 0.007, Ma =100, n= 1.0, w =20, Ar =0.5, zero-g,
vertical baffle (vertical jitter). (/. = 0.9085, ¢/ nin = —0.9065)
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Figure 13 Time-averaged results for Ra = 1.771 x 10%, Pr = 0.007, Ma =100, 5 = 1.0, w = 85, Ar = 0.5, zero-g,
vertical baffle (horizontal jitter). (Y max = 2.99, Ymin = —2.99)
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Figure 14 Time-averaged results for Ra = 1.771 x 10%, Pr = 0.007, Ma =100, 1= 1.0, © = 20, Ar = 0.5, zero-g,
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© Emerald Backfiles 2007



USE OF BAFFLES IN CAVITY FLOW 165

Streamlines Isothermal Lines

=
]

Velocity Point Data Temperature Point Data

g
|
I

Forcing Function Point Data Temperature Data Near Baffle

Forcing Function

Figure 15 Time-averaged results for Ra = 1.771 x 10%, Pr = 0.007, Ma =100, n= 1.0, w = 85, Ar = 0.5, zero-g,
horizontal baffle (horizontal jitter). (Y n,, = 0.6699, Y., = —0.427)
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Figure 16 Time-averaged results for Ra = 1.771 x 105, Pr = 0.007, Ma = 1000, n = 1.0, @ = 20, Ar = 0.5, zero-g,
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and Wouters!. The work of Crochet and Wouters are chosen as the reference for comparison
because they have also used a mixed finite elements formulation. The first case focuses on the
effects of crystal rotation speeds. The mesh used is a non-uniform grid of 25 x 51, and it represents
half of the crucible. Figure 18 shows the mesh. The horizontal baffle is placed in the centre of
the cylinder. The results for three different rotational Peclet numbers are shown in Figure 19.

E

TERTIT

i 3

Figure 18 Axisymmetric analysis of heated flow: mesh configuration

Streamlines Azimuthal Velocity Isothermal Lines

\

\

\

Figure 19 Natural convection and crystal rotation,

Ra=1300, Pr=0015; (a) Pe,=5.63, ({/m. =0.06106,

Ypin = —0.06106); (b) Pe, = 0.01983, ¢,.;, = —0.01983);
(c) Pe, = 71.95. (..., = 0.023, Yo = —0.01725)
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The first obvious thing one observes is that the temperature profile remains the same for all
three Peclet numbers. However, the Peclet number does have an effect on the velocity profiles.
At a low rotation rate, the streamline plot shows one large counter clock circulation that covers
most of the cavity, and a small eddy in the upper left corner of the cavity. As the Peclet number
increases, the small eddy appears to have increased in size and strength, first taking up half of
the crucible, then moving on top of the first circulation. The azimuthal velocity profile also
changes as the Peclet number increases. It becomes more spread out and concave towards the
axisymmetric line. In general, this behaviour corresponds with the results shown by Crochet and
Wouters.

The second case deals with the combined effects of crystal rotation and crucible rotation.
Figure 20 shows the velocity vector, streamline, azimuthal velocity, and isotherms. The crystal
and crucible rotation Reynolds numbers used are 500 and 100, respectively. The streamlines
show one primary circulation that covers almost the entire cavity, and a small eddy near the
corner. These results appear to be consistent with the results of Crochet and Wouters.

The third case deals with the transient natural convection problem. Instead of using the
Grashof number as Crochet et al., the Rayleigh number is used in this formulation. For their
given Grashof number of 2 x 10° and a Prandtl number of 0.015, the corresponding Rayleigh
number is calculated to be 3 x 10*. The primary circulation shown in Figure 21 is at the bottom
of the crucible, and its direction is counter clockwise. Furthermore, a plot of the kinetic energy
shows that a quasi-steady state is reached at about 4.0 simulated seconds, after which time the
kinetic energy oscillates about a certain value.

Finally, the last example investigates the solution for a larger Rayleigh number of 1.5 x 10°,
Again, the kinetic energy of the system is plotted. As Figure 23 indicates, a quasi-steady state
of oscillating energy is reached in about 4.0 simulated seconds, this time at a higher amplitude
and frequency. As the results show in Figure 22, at an earlier stage, the streamline plot shows
a small circulation between the two larger circulations above and below it. As time advances,
this small circulation becomes smaller while the two larger circulations gain more strength and
overcome it. The last stage of time in Figure 22 shows that the small circulation has again
returned. This general behaviour is also observed in the Crochet and Wouters’ plots.

The results for the axisymmetric flow analysis with baffles are shown in Figures 24 to 27. The
Rayleigh number used here is 1.771 x 10°, and the Prandtl number used is 0.007. As before,
g-jitter is varied in frequency and direction. In fact jitter does not have any significant effects on
the flow in the case. It is believed that this is due to the action of the rotational motion of the
crystal and the crucible. The only favourable result is found in the case with vertical gravity
modulation. At w = 20, vertical jitter, a comparison of the maximum stream function value
shows that, the stream function value found for the case with the baffle, shown in Figure 26, is

Velocity Vectors Streamlines Azimuthal Velocity Isothermal Lines

0

A

Figure 20 Natural convection, crystal and crucible rotation, Gr =2 x 10%, Pr =0.015, Re,= 500, Re, = 100.
(Vrmax = 1.0606, Yr;, = —0.3082)
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Figure21 Transition from quiescent state to steady state
natural convection, Ra = 3 x 10%, Pr = 0.015. ({,.,, =
2.508, Ymin = —2.508)
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Figure 22 Velocity vector, streamlines, and isotherms for Ra = 1.5 x 10°, Pr = 0.015; (a) t = 3.1, (Y., = 5.8525,
Vnmia = —5.8525); (b) t = 3.2 (Ymax = 6.689, Yorin = —6.689; (€) £ = 3.5 (Ypmax = 5.8512, . = —5.8512); (d) £ = 3.6
(Vmax = 6.3396, Yy, = —6.3396)

© Emerald Backfiles 2007



USE OF BAFFLES IN CAVITY FLOW 171

Kinctic Eneryy Hisary of Flow

[ 1 2 3 4 5 6

Figure23 Growth of kinetic energy as a function of time,
Ra =15 x 103, Pr = 0.015

"Velocity Vectors

Isothermal Lines Isothermal Lines
|
Velorsy Pout Dacs . Temperature Poum Daca. Velocxy Pous Data -+ Temgeraas Poot Day
4
; ! ;‘:
|17 F— Fof
51 ay
° 1 2 3 4 5 (] 1 1 3 4 ° 1 2 3y .
Penods Pencde. Penas
Forciag Puscoos Point Dua
¥ as}}-
4
£
¥ a3

Figure 24 Time-averaged results for Ra = 1.771 x 103, Figure 25 Time-averaged results for Ra = 1.771 x 10%,

Pr=0007, n=10, w=20, Pe,=175 Pe =15, Pr=0007, =10, w=40, Pe,=75, Pe =15,

Ar=0.5, zero-g, no baffle (vertical jitter). (Y., = Ar = 0.5, zero-g, no baffle (horizontal jitter). (., =
0.9964, Vi = —0.2994) 0.5353, Y0 = —0.5353)

almost half of the stream function value for the case without the baffle, shown in Figure 24. We
therefore conclude that the effects of the baffle on the flow are insignificant when rotational
forces are included. Furthermore, the effectiveness of its use depends on its relative direction to
the modulation direction.
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Figure 26 Time-averaged results for Ra = 1.771 x 103, Figure 27 Time-averaged results for Ra = 1.771 x 10%,
Pr=0007, n=10, w=20, Pe, =175, Pe,=15, Pr=0007, n=10, w=40, Pe =15 Pe,=1.5,
Ar =05, zero-g, horizontal baffle (vertical jitter). Ar = 0.5, zero-g, horizontal baffle (horizontal jitter).
(Ymax = 0.5198, i = —0.5198) (Y ax = 0.6495, 0 = —0.6495)

CONCLUDING REMARKS

A finite element analysis is performed to study the effects of baffle placement in a heated cavity.
The purpose of this study is to learn more about the fluid dynamics and heat transfer mechanism
involved in crystal growth from a melt, and whether baffies can be used to suppress the thermal
oscillations that is believed to be one of the causes of defects in crystals. The first part of this
investigation involves a study of the rectangular cavity flow, and the second part deals with
axisymmetric flow analysis for the cylindrical cavity. From the cases studied, the results show
that baffles do not induce temperature oscillations, and in some cases, do help to suppress the
onset of convection. The best results are obtained when the baffle is placed perpendicular to the
g-jitter direction. However, since jitter direction cannot be controlled, and the resulting flow
behaviour often depends on the direction of the baffle in relation to the jitter direction, they
should not be used in a microgravitational environment. It is recommended that extended future
studies be done on this aspect of crystal growth. A better model is needed to include the effects
of solid—melt interface interaction, phase change, crystal rotation, pulling, rippling on the free
surface, and three-dimensional modelling and analyses of the problem.
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