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Abstract

In part 1 of this report, a procedure is described for the
numerical solution of the time-dependent Navier-Stokes equations
governing the forced convective flow in a crystal-growth
crucible. By means of five digital simulations of the classical
Czochralski crystal-pulling process, we show the excellent
agreement of our calculations with the experimental data of
Carruthers and Nassau [3], not only qualitatively but
quantitatively, too. Moreover, for the Accelerated Crucible-
Rotation Technique (ACRT) and its application to the Czochralski
method (CACRT), the first numerical simulations are presented
assuming the fluid model to be the same 1:1 glycerine-water
mixture of moderate kinematic viscosities as in [3]. But our
programme can also deal with low viscosities typical for semi-
conductors and liquid metals: This is demonstrated by our
simulations of the classical Czochralski, the ACRT and the CACRT

arrangements with the viscosity of ligquid copper.

The influence of the temperature distribution on these flow

phenomena will be studied in part 2.
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1. Introduction

In all crystal growth processes from the liquid phase,
convection of the melt strongly influences the chemical

and physical properties of the grown crystal. In the well-
known Czochralski crystal-pulling process as well as in the
Accelerated Crucible-Rotation Technique (ACRT) proposed by
Scheel and Schulz-Dubois [15,17,18] (see fig. 1a and fig. 1b),
there exist two kinds of convection: natural convection
driven by density fluctuations that are induced by
inhomogeneous temperature distribution or different impurity
concentration, and forced convection due to crystal and
crucible rotation. Both crystal-growth methods are performed
with uniformly resp. non-uniformly rotating crucible and, in
the Czochralski case, with revolving crystal, too, in order
to obtain adequate mixing of the melt. The stirring of the
liquid is done most effectively, if all parts of the solution
are in motion and if the highest flow velocity occurs close
to the surface of the growing crystal. In this case, optimum
temperature balance and low impurity concentration can be
expected in the vicinity of the solid-liquid interface
preventing striations and spontaneous nucleation followed

by polycristalline growth.
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The aim of part 1 of this report is to investigate the isothermal
time-dependent flow patterns of the forced convection in the

1)

Czochralski and the ACRT arrangement numerically. In section

2, we start with the time-dependent Navier-Stokes and con-
tinuity equations in primitive variables (pressure and velocity)
for the axisymmetric case. In order to obtain digital simulations
closely related to the real physical system (e.g. ability for
comparison with experimental data of Carruthers and Nassau [3]),
we do not introduce dimensionless variables. Contrary to other
flow computations by Kobayashi and Arizumi [8,9] and Langlois
[11], Langlois and Shir [12], we avoid the stream function

and vorticity formul?tion, as we are interested in the transient
pressure distribution, which has to be evaluated iteratively. The
performance of these calculations works faster in the primitive
variables of the equations (see f14]). Moreover, the primitive
variable formulation seems to be advantageous with regard to

the possibility of extension to three-dimensional flow

2)

simulations.

1)The influence of the temperature distribution on the

convective flow in the melt will be considered in part 2

of this report.

2)We shall investigate the three-dimensional fluid flow,
in the near future, in order to examine if there are similar
asymmetric flow patterns as seen in the experiments of Hide

and Titman [6].



As is well-known (see [1,10,14]), the mathematical problems

of existence and uniqueness of the solution of the Navier-
Stokes and continuity equations and their finite-difference
analogues are far from settled. In the case of incompressible
viscous flow, one conjectures that a unique steady solution
exists only below an undefined Reynolds-number limit, that
several solutions exist for a range of Reynolds-numbers

above this limit, and that no solutions exist above a second
undefined Reynolds-number. Concerning the solution of the
unsteady equations, the situation seems to be less stringent:
Since the time-dependent equations are believed to be physically
reliable, one can assume that a numerical solution which
proceeds from a physically reasonable initial condition has
validity. Therefore, such non-stationary simulations should
also enable to detect whether a steady-state solution exists

or not. Nevertheless, one cannot predict towards which solution
the numerical scheme will converge, if non-uniqueness exists.
Therefore hydrodynamic experiments are indispensable to check

if the numerically computed solution is physically reasonable
(see [J4]). For these reasons, we solve numerically the discrete
analogues of the time-dependent equations of forced convective
motion in the melt for a consecutive sequence of time-steps until
an approximate steady-state solution is reached. Our discreti-
zation procedure consists in the difference schemes of the
well-known MAC-method of Welch and Harlow (et al.)

(see [19] and [5]), which was especially developed for solving
flow problems with a free surface. However, in our cases the

original version of the MAC-method as well as all improved



versions of it, proposed by the authors of [2,4,7,13], were
not able to produce the correct pressure distribution at

the free surface of the melt. Therefore, we had to make some
essential modifications concerning the free surface handling

(see section 2.4.).

At the beginning of section 3, we present the numerical
simulation of the Czochralski crystal-growth arrangement

for both cases of isorotation and counterrotation choosing
essentially the same physical and geometrical parameters

as Carruthers and Nassau [3] did in their experiments (esp.
kinematic viscosity v = o0.06 E%— ) . These authors determined
the number and size of the non-mixing Taylor-Proudman cells
in the steady -state flow emerging from the relative rotary
motion of crystal and crucible. Moreover, they studied the

flow patterns in each of the cells and measured the flow

velocity therein. In all simulated cases with angular velocities
typical for practical applications of the Czochralski method

in crystal growth, our numerical results show large agreement
with the experimental data, not only qualitatively but quanti-
tatively, too. This lends credibility to our hydrodynamic
simulation technique and gives valuable information on the

region of maximum flow velocity.

Next we consider the ACRT arrangement of Scheel and Schulz-
Dubois [15,17,18] maintaining the moderate kinematic viscosity
of [3], and, in the first, we determine the progress in time
of the forced convective bulk flow for periodic switching

on and off of the crucible rotation, numerically. Furthermore,

Scheel and Miiller-Krumbhaar [16] propose to perform the



Czochralski crystal-pulling process with non-uniform iso-

and counterrotation of crystal and crucible (CACRT) in order

to eliminate the non-mixing Taylor-Proudman cells thereby
getting optimum stirring of the melt. In the case of the
moderate kinematic viscosity of [3], our computer simulations
of such arrangements show that in the periodically accelerated
and decelerated counterrotational case only a pulsation effect
of the original cell beneath the crystal occurs. In the
periodically accelerated and decelerated isorotational case,
however, it can be achieved that the non-mixing Taylor-Proudman

cells vanish periodically.

In the second part of section 3, we repeat our digital
simulations of the classical Czochralski, the ACRT and the

2
cm
CACRT arrangements with the kinematic viscosity v = 0.005 —/—

s
of liquid copper. Here it is noteworthy that the transition
time needed for reaching the steady-state of the flow is
remarkably longer than in the previous calculations with a
twelve times larger kinematic viscosity.

Moreover, for the low kinematic viscosity the particular flow
patterns during this non-stationary transition phase are quite
distinct from those in the moderate viscosity case. In the
CACRT arrangement, especially, the flow patterns in the

counterrotational and the isorotational cases do not differ as

significantly as in the moderate viscosity simulations before.



In section 4, we draw some comprehensive conclusions with
regards to experimental design of the crystal-growth process
by the classical Czochralski method, the ACRT, and the CACRT

arrangements, respectively.

Finally, in section 5, an outlook on our forthcoming cal-

culations and experiments is given.



2. The mathematical model

2.1. The continuous equations o4 motion

Our calculations are based on the simplified geometrical

model for the Czochralski process and the ACR Technique

shown in fig. 2a and fig. 2b, respectively. For the basic
field variables we use the fluid velocity w = (u,v,w) with
radial component u , zonal component v and vertical compo—
nent w , and the ratio ¢ = p/p of pressure p to (constant)
density p . In addition, £ denotes the elapsed time, and
o= (,0,z) is the Eulerian (laboratory frame) coordinate

in cylindrical components. Like the density p , the kinematic
viscosity Vv of the melt is taken to be constant all the time.
With these definitions, the equations governing the time-

dependent incompressible viscous flow in the crucible are

Veu=o0, (2.1)

3+
=F = =(UV)U - Vo + vah + g . (2.2)

Eq. (2.1) is the continudity equation expressing the conser-
vation of mass for an incompressible fluid. (2.2) represent
the well-known Navien-Stokes equations describing the

local production of momentum in terms of the following sources:
the convection of momentum by fluid motion, —(Z-V)Z , the
momentum change arising from normal pressure forces, -V¢ ,

the diffusion of momentum by viscous processes, VAL , and the
momentum portion produced by gravitational forces, 5 .

With the help of (2.1), we rewrite eq. (2.2) in the con-
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senvative form

>
g—‘; = - Ve(QU) - V¢ - wWx(Vxu) + g . (2.3)

The reason for the change in the convective and diffusive terms
of (2.2) is that in a cylindrical coordinate system (2.3) is
the only differential form the finite difference analogue of
which retains rigorous momentum conservation (see [5,19] and
section 2.2. below). In order to satisfy the continuity
equation (2.1) , it is convenient to derive an equation for
the pressure ¢ : Applying the divergence operator on eq. (2.3)

and taking account of (2.1), we obtain the well-known

Podisson-equation
Bp = = 2% (V-D) - V- (Ve (@) - (2.4)

Obviously, in the continuous case, the first term on the right
side of eq. (2.4) vanishes by the continuity equation (2.1),
but during the discretization process we have to pay regard

to %Z (Ve%) in order to fulfill the discrete version of the
mass conservation (i.e. volume conservation). Eg. (2.4) shows
another advantage of the use of eq. (2.3) instead of (2.2):

In (2.4) only advective and no viscous terms appear simplifying

the difference analogue, too, and thereby preventing needless

accumulation of round-off errors later on.



- 11 -

In our special Czochralski and ACRT arrangements in the con-
figuration of figs. 3 and 4, we may assume rotational symmetry

of the flow, so that egs. (2.3-4) read as follows:

2
_ 1 2 v
be = " ox (), - (uw), ¥ "{“zz'“’nz} SRR (2.5)
v, = - 1 (nuv) ., - (vw) _ + VNU +(l(ﬂU) ) }' 2y (2.6)
z n n z { zz 1 nln n . :
w, = - J/Z (ruw), - (Wz)z + v{%(nwn)& - %(/Luz)n} -6, -9 (2.7)
1 1,, 2 2

De = = x oyl = 0y = gAY = W), = 2(uw) 4

(2.8)

+ —(vz)n - -,Zz(uw)Z

Here subscripts denote partial derivatives, g 1is the gravity

acceleration, and 0 is the abbreviation for V-Z , so that

D = (nu)n + w, . (2.9)

1
1 z



2.2. The gnid system

To turn the above equations into a practical scheme of
computation, they are expressed in finite difference form

on the following grid arrangement, which is a simplification of
the one used in [20). First, in our current simulations
presented in section 3, we assume rotational symmetry of

the flow so that it is sufficient to consider a vertical
cross-section of the melt. There we have a basic grid formed
by points where the pressure ¢ and the zonal velocity
component v are defined. The velocity components u« and w
are both evaluated at different points interlacing with the
basic grid (see fig. 3). The u points lie on vertical lines
and the w points on horizontal lines of the basic grid, both
midway between the ¢ points, in each case. The physical

boundaries are placed so that they fall halfway between two

Fig. 3 :
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¢ points. The continuous cylindrical coordinates (x,z) are
thus replaced by the discrete grid system (1;,z) = (i,k)

such that

Ry = (1-3)ar, 1 <1< LAl 2z = (k=3)Az, 1<k < N#l,  (2.10)

i 2k

give the coordinates of the pressure points ¢(i,k) and the

zonal velocity points wv(i,k) .

The mesh widths of the basic grid are

bro= R,/ (L-1) ; Az = H / (N-1) , (2.11)

where Rc and # denote the radius of the crucible and the
melt height in it, respectively. The interlacing grids of

the velocity points are similarly indexed, leading to dis-
crete velocity values u(i+%,k) and w(i,k+%) . The discrete
fluid element centered on a ¢ resp. v point and bounded by
the u, w points will be called a cell. For each of these

cells the conservation of mass and momentum will apply.

In our calculations in section 3 for a crucible of radius

Rc = 3.4 cm and a melt height H = 4 cm we choose
2
. 0.2 cm for v = ©.06 E%_
Arn = Az = h = 2 (2.12)

o.1 cm for v = 0.005 9%—
Additionally, our discrete time step length AL = o0.001 s
is taken small enough to satisfy the necessary stability

condition of Courant, Lewy and Friedrichs, i.e.

2 2 2
At < Drbz = (2.13)

2v(A12+A22) 4v




2.3. The f4indite difference scheme

Our discretization procedure consists in the well-known
"Marker-and-Cell" - (MAC-) method originally developed by
Welch and Harlow [5,19] (see also [2,4,7,13]), which was
especially designed for free-surface problems in fluid
dynamics. In applying the MAC-method, we replace all partial
derivatives of equations (2.5-8) by difference quotients,
where we use forward difference schemes for first order
derivatives in time and central differencing for the spatial
derivatives maintaining the order of differentiatijion.

In these difference equations several undefined quantities
appear, as velocity and pressure values are demanded at
interim mesh points of our grid in section 2.2. These terms
are subsequently replaced by simple averages of the two
adjacent grid point values. Now the MAC-method works as follows:
Starting with a certain initial state of the pressure and
velocity field, a new velocity and pressure distribution is
computed for a consecutive sequence of time-steps, whereby
the last velocity field and a time-extrapolated pressure
distribution of the last time-cycle act as initial state for
the following calculations at the next time-step.

Within each time-cycle the new pressure distribution is deter-
mined from the discrete version of equation (2.8) by the
requirement of discrete conservation of mass for the next
time-step. The resulting implicit difference equation - the
discrete Poisson equation - is solved iteratively by the SOR
method combined with an extrapolation technique. From this

new pressure distribution and the old velocity values of the
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last time-cycle, the new velocity distribution is evaluated

with the aid of the discrete analogue of equations (2.5-7).

Now, a special facility of the MAC-method consists in some
massless particles - called marker -, which are located in

the cells and move with the corresponding cell velocity
computed above. These markers contribute nothing to the dynamics
of the system, and enter into the calculations only in so far
as they designate which are the surface cells and visualize
changes in the flow configuration of the system. At the end of
every time-cycle, the markers are moved to their new positions
according to the updated velocity distribution 1).

Here, we use vector velocity plots for showing the direction
of flow and the velocity field of the fluid at the end of
every time-cycle. For each cell in the system we draw one
velocity vector starting at the cell center, with a length

proportional to the averaged cell velocities u,w and in the

direction of the local flow.

1)For the present confined flow simulations (see also section

2.4 below), we need not to make use of the markers. The marker
facility will be of importance lateron, as we intend to

visualize the fluid motion in a film.
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Finally, we emphasize the great significance and advantage of
the discrete conservation of mass and momentum in the MAC-
method, where the former is obtained by construction of the
calculation process and the latter by the choice of the
conservative form of the continuous momentum equations and
the particular difference scheme. It is well-known (see e.qg.
[14]) that finite-difference methods possessing similar con-
servative properties as the continuous equations generally
produce more accurate approximations than others. Moreover,

those discrete systems seem to be physically more reasonable.



2.4. The boundanry conditions

A rigid wall may be either of two types, no-slip or free-
slip. The latter may be considered to represent a plane

or line of symmetry, or if the fluid is wviscous, it may
represent a non-adhering ("greased") surface. The basic
boundary conditions are simply that the normal velocity
component vanishes and, in addition, that the tangential
component vanishes if no slippage is to be allowed. The
decision whether to take free-slip or no-slip boundary con-
ditions depends upon the relation between the spatial discre-
tization parameter and the thickness of the boundary layer

that would be expected to develop in the true fluid.

In our special arrangements (see figs. 2a, 2b, 3) there
are the following boundaries: the rotational axis being

a vertical line of symmetry; the ground and side wall of
the crucible, both rigid walls in the horizontal and the
vertical, respectively; in the Czochralski simulations, a
third horizontal rigid wall appears representing the crys-
tal surface, which is continued by the free surface of the
melt. Due to our coarse spatial discretization (see (2.12))

we choose free-slip boundary conditions for « and w at all
rigid walls.

The basic boundary conditions for a free surface are the
vanishing of the stress tangential to the surface and the
balance between the externally applied normal stress and

the stress normal to the surface. In the original MAC-method,



the location of the free surface determined by the marker

positions and the discretized version of the above boundary

conditions is implemented using a special interpolation
technique. As these pressure boundary conditions at the free
surface strongly influence the whole numerical computation,
several authors proposed improvements for the free surface
handling in the MAC-method (see [2,4,7,13]). We tried all these
methods with our special arrangements, but none of the proposed
procedures was able to produce the correct pressure distribution
at the free surface. Only when performing confined flow cal-
culations by taking free-slip rigid wall boundary conditions

for u and w at the free surface, too, our numerical
simulations yielded correct flow patterns in the fluid. This
assumption is permitted as long as the ratio between centrifugal
and gravitational forces is small as it is the case in the
present study. As the normal velocity component has to vanish

at all boundaries, the boundary condition for the pressure

can be determined from the equation of momentum. In the discrete
formulation, this means that the normal velocity in the "virtual"
cell outside of the physical boundary has to be the negative

of the corresponding velocity value in the adjacent "fluid cell",
while the tangential velocity values remain the same. The
pressure values of the virtual cells are determined such that

the discrete versions of the equations of momentum are satisfied.

The boundary conditions for the zonal velocity component v
include the angular velocities Qc and Qs of the rotation

of crucible and crystal: The zonal velocity component v in the

ith crystal and crucible boundary cell is defined as riQs and

rch , respectively.
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3. Numerical results

3.1. The case o4 moderate kinematic viscosdity

3.1.1. Classical Czochrnalshki Method

As is well-known (see e.g. [3]), the phenomena of hydrody-
namic flow in rotating systems are complex and often fail
to confirm intuitive predictions. Classification of these
phenomena is assisted by the Taylor-Proudman theorem, which
is stricly valid only for inviscid fluids, but true as an
approximation as long as the Ekman number

Ek = 2v/[R§(QS+QC)] is small (e.g. [6]). In the case of a
vertical rotation axis, the theorem states that all three
components of the fluid velocity % and the dynamic pressure
Ap (i.e. pressure difference between the rotating and non-
rotating system) do not depend on the vertical coordinate,

so that

dAp _ du _ dv _ ow _

= = —— =

0z ~ 9z ~ 9z ~ dz :

"
(®)

(3.1)

For finite Ekman numbers, one observes the set-up of flow
patterns where the theorem is obeyed in the major fraction
of the fluid volume. To compensate, there are small liquid
regions, i.e. boundary layers, where the theorem does not
hold. Therefore bulk flow simulations should confirm the
Taylor-Proudman statement.

If an object is immersed in a rotating liquid which has a
different angular velocity, the Taylor-Proudman theorem
implies that the fluid isolates this obstacle by the for-

mation of a liquid column in its vicinity where no mixing
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with the outer fluid regions occurs. Such liquid columns
are called Taylor-Proudman cells. In the case of a cylin-
drical crystal contacting the upper free surface of the
melt in the rotating crucible, as in the Czochralski crys-
tal-growth arrangement, the Taylor-Proudman cell is bounded
by a cylindrical stagnation surface in the liquid beneath
and concentric with the crystal. Outside of this stagnation
surface the liquid rotates essentially as a solid body
provided the crucible rotation is fast enough. If the crys-
tal as well as the crucible rotate in the same direction
("isorotation") only a single Taylor-Proudman cell develops,
whereas in the case of opposite rotational directions of
crystal and crucible ("counterrotation") the liquid column
beneath the crystal divides into two Taylor-Proudman cells

seperated by another horizontal stagnation surface ([3],[6]).

In tables 1 and 2, we compare the experimental data of

Carruthers and Nassau [3] with our computer simulations for

a crucible of radius Rc = 3.4 cm 1), a crystal of radius

Rs = 1.2 cm 1), a melt height H = 4 cm , and with discretization
parameters Ar = Az = 0.2 cm in space and At = o.001 s in
time. Only in the counterrotational case with high angular

(continued p. 23)

1)

These are essentially the same parameters as in [3].
The exact values R, = 3.5 cm and R = 1.25 cm of [3]
could not be chosen for the coarser mesh width Ax = Az = 0.2 cm

because of technical reasons in the computer programme.



Table 1: Comparison between experiment ([3]) and simulation (isorotation)

Crystal Crucible Cell diameter Cell diameter Rotation at Vertical flow Vertical flow
rotation rotation at top surface at bottom of center of cell at center of near boundary

(rpm) (rpm) (cm) crucible (rpm) cell of cell

(cm) (cm/s) (cm/s)
A B A B A B A B A B
1) 1)

Q 15 3 3,4 2 4,6 12 12,7 -0,3 |-0,28 0,1 0,06
15 15 15 | 15 o |<5:107° o |<7-10
25 15 4 3,8 4 4,6 15 16,2 o,1 0,13 -0,1} -0,01

2) 2)
60 15 3 3,8 4 5,0 20 19,2 o,4 0,49 -0,1 ] -0,04
25 o . e .o .o .o 2 0,82 0,25 0,32 -0,25% -o0,11
50°) o3) 3 1,1 0,5 | 0,45 -0,5 | -0,217
A, parameters and results from J.R. Carruthers and K. Nassau [3]; B, simulated results from the

present study; ...,

no formation of the cell;

1)

see fig.

4; 2)see fig.

5; 3)see fig.

_LZ -



Table 2: Comparison between experiment ([3]) and simulation (counterrotation)

Crystal Crucible upper cell lower cell dia- |Thickness of| Rotation at Downward flow
rotation rotation diameter at meter at bottom |upper cell center of rate at center
(rpm) (rpm) top surface of crucible {cm) lower cell of lower cell
(cm) (cm) (rpm) (cm/s)
A B A B A B A B A B
o) -25 2,5 3,0 2,5 3,8 A -25| -23,9 0,4 0,36
7 -25 3 3,0 3 3,8 <0,2}|<0,2 -20 | -21,3 0,5 0,46
25 -25 4 3,0 4,5 4,0 0,2}<0,2 -151} -16,7 .o 0,73
50 =25 4 3,0 5 4,0 0,2} 0,3 -15 1 -15,4 0,4 0,66
*) *)
50 -50 2,5 2,6 4 4,2 <0,2]<o0,1 -30 | -28,6 1,3 1,70
1) 1)
50 -1o 4 4,6 b 6,6 1,51 o,6 VO - 7,8 .. 0,25
502) - 22 6 6,8 b 4,4 a | a ... ... ... ...

A, parameters and results from J.R. Carruthers and K. Nassau [3];
the present study;

d, penetration has occurred,

tization parameter h

o e o 3

no formation of the cell; b,

one single circulation only; *),
o.1 cm had to be chosen;

’

in this case,
see fig. 7;

simulated results from

could not be measured satisfactorily;

a smaller discre-
see fig. 8
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velocities of 50 rpm and -50 rpm of crystal and crucible,
respectively, we had to refine the spatial mesh width in

order to get better agreement with [3]. The liquid used

2
. . . . . ; . cm
in our simulations has the kinematic viscosity V = 0.06 =

as the 1:1 glycerine-water mixture in [3]. The computing
time needed for one simulation has been less than one hour
on the IBM 3033 in Jiilich.

Within the scope of measuring and computational
accuracy, tables 1 and 2 show in both cases of isorotation
and counterrotation, respectively, that our digital simulations
eminently agree with the experimental results of [3] not only
qualitatively but quantitatively, too. Furthermore, we remark
that our simulated flow patterns are quite similar to those
obtained by Langlois [11], Langlois and Shir [12], and
Kobayashi and Arizumi [8,9]. However, we do not agree with
Kobayashi and Arizumi [9, page 182] who state: "Carruthers and
Nassau who studied flow patterns in a crucible showed that the
stirring occurs when there is no stagnation surface. This
condition was realized in practice when the crucible rotation
rate was very small compared with the crystal rotation rate.
According to the present analyses, however, the same condition
is satisfied only when the crystal and the crucible rotate in
the same direction." Our digital simulations with Qs = 50
and Qc = =2 of table 2 clearly disprove the cited statement

of Kobayashi and Arizumi (see also fig. 8).



In figs. 4,5,6 and figs. 7,8 we present some characteristic
flow patterns of our classical Czochralski simulations

in the isorotational and the counterrotational case, respec-
tively. Although our numerical calculations are performed in
the Eulerian coordinate system, the plots show the momen-
tary state of the rotational melt flow in the right half

of a vertical (symmetric) cross section of the crucible in
view of the Lagrangian frame (i.e. in a corotational coor-
dinate system). In all cases, we have started our simulations
from the liquid at rest, switching on the appropriate crys-
tal and crucible rotation at the time f=o0 . The figures

show the flow patterns at the time indicated, and Vnax
designates the absolute value of the maximum cell velocity

whose calculation has been described in section 2.3. The

last plots always reveal nearly steady-state flow situations.

Fig. 4 shows the typical flow patterns during the formation
of the Taylor-Proudman cell around a stationarv obstacle
(i.e. the non-rotating crystal) immersed in a rotating
liquid, with the fluid motion starting at the lower edge

of the crucible because of adhesion ("spin-up effect"). In
the steady state, the Taylor-Proudman cell has emerged, and

maximum flow velocities occur beneath the crystal.

When the crystal as well as the crucible rotate in the same
direction but with different angular velocities, as shown
in fig. 5, two vortices set up in the beginning, one below
the crystal and another in the lower edge of the crucible.
But gradually, the crystal draws more and more fluid upwards

(continued p. 27)
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(Qs > Qc), so that a Taylor-Proudman cell develops reaching
right to the bottom of the crucible. The highest cell
velocities occur where the crystal throws the fluid aside.
In fig. 6, the crucible stays at rest and the fluid
motion 1is induced by the crystal rotation. In the course
of time, the crystal spins up the whole liquid volume, and
no stagnation surface is formed. Therefore the entire melt
in the crucible is stirred.
Fig. 7 shows the evolution in time of the flow patterns,
where crystal and crucible rotate in opposite directions
with different (but not too small) angular velocities.
Agdin two vortices occur beneath the crystal and in the
lower edge of the crucible, respectively, which gradually
develve in the two expected Taylor-Proudman cells. The
size of the one beneath the crystal obviously depends on
the relative angular velocity between crystal and
crucible. Additionally, in this cell the maximum flow
velocities appear.
Finally, in fig. 8 we present the flow patterns of a
counterrotational case, where in the steady state situation
the crystal rotation dominates over the crucible rotation.
In time, the crystal draws most of the liquid volume upwards
and throws the fluid aside, the latter with the maximum flow
velocity. This prevents the formation of the Taylor-Proudman

cells.
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3.1.2. ACRT Flux Growth

In this section we present the first digital simulations
for the Accelerated Crucible-Rotation Technique proposed

by Scheel and Schulz-Dubois [15,17,18] ( see fig. 1b and
fig. 2b). All geometrical, physical and numerical parameters
are identical to those in section 3.1.1 disregarding

the absence of the crystal. With a period of 10 s , we
alternate the crucible rotation between constant rotary
motion of 20 rpm and stoppage. Fig. 9 shows the flow
patterns exhibited in the two acceleration modes. Obviously,
our calculations confirm the presumptions in [15,17,18]

that total stirring of the melt is achieved by applying
ACRT and that the maximum flow velocities occur at the

bottom of the crucible as desired1).
3.1.3. CACRT Czochnrnalshi Growth

Scheel and Miiller-Krumbhaar [16] have proposed to apply

the Accelerated Crucible (and Crystal) Rotation Technique

to the Czochralski crystal-pulling process (CACRT) in order
to avoid the formation of stationary Taylor-Proudman cells
(see section 3.1) and to achieve smooth stirring of the melt,
thereby producing crystals of improved homogeneity. On the
same geometrical, physical and numerical conditions as in
section 3.1.1, we study CACRT in a counterrotational as well

as in an isorotational arrangement numerically. In both cases,

(continued p. 33)

1)

For the corresponding simulations with h = 0.1 cm (see (2.12))

see figs. 23a-k in the appendix.
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apart from different crystal rotational directions, we vary
the crystal and the crucible rotation with a time period of
1o s by a constant acceleration from +4o0 rpm to +80 rpm and
lo rpm to 30 rpm , respectively, followed by a constant
deceleration from +80 rpm to +40 rpm of the crystal and
30 rpm to 1o rpm of the crucible (see [ﬂ6]). In fig. 1o
and fig. 11, we present, for the first time, the results of
our digital simulations for the counterrotational and the
isorotational CACRT arrangements, respectively.

In the case of counterrotation, fig. 1o shows that the
originally developed Taylor-Proudman cell beneath the crystal
certainly changes its size nearly periodically,

but still cannot be destroyed. For equally directed crystal
and crucible rotation, however, the flow patterns in fig. 11
are completely different from the ones before. Namely, in
this arrangement, the Taylor-Proudman cell beneath the
crystal is only formed during the acceleration phase, while
deceleration causes the disappearance of the cell. Additionally,
the size of the cell is in any case greater than before.

For these reasons, the isorotational CACRT arrangement

seems to be more advantageous in view of optimum stirring

of the melt 1).

1)I:“or the analogous simulations with h = 0.1 cm (see (2.12))

see figs. 24-25 in the appendix. Figs. 26-27 of the appendix
present the corresponding flow patterns for a time period

of 20 s .
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3.2. The case of Low kinematic viscosity

3.9.1. CRassical Czochralski Method

In this section, we present the flow patterns of the classical
Czochralski simulations with the kinematic viscosity

V = 0.005 E%i of liguid copper. Although the steady state
flow configurations must be essentially the same as in

section 3.1.1, the transition time needed to reach the
steady-state in this case is much longer than before.
Moreover, for the low kinematic viscosity, the particular flow
patterns during this non-stationary transition phase are

completely different from those for the moderate viscosity

in section 3.1.1.

All physical (except V), geometrical and numerical parameters
are identical to those in section 3.1.1, only the mesh width
h of the spatial grid system had to be refined for the low
viscosity simulations (see (2.12)). Figs. 12-16 show the

flow patterns of the low viscosity analogues to figs. 4-8,
where the last plots are very similar to the expected steady-
state configuration. The computing time needed to perform one

of these simulations was about six hours on the IBM 3033 in

Jilich.

However, the true analogues of the nearly steady-state
configurations in figs. 4-8 would only have been reached
after approximately 150 s , i.e. 150 ooo time-cycles, the
calculation of which would have taken about ten and more

hours CPU time. Therefore we stopped our simulations earlier

(maximum CPU time: 8 hours).
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Figs. 12a-f, corresponding to fig. 4 in section 3.1.1, show
the typical flow patterns during the formation of the Taylor-
Proudman cell beneath the stationary crystal immersed into the
rotating crucible. First the fluid exhibits the so-called
"spin-up effect" at the lower edge of the crucible, and in the

course of time the Taylor-Proudman cell emerges.

Figs. 13a-f are the analogues to fig. for the isorotational
case with Qs > Qc . The flow patterns of fig. 5 and

figs, 13a-f are quite similar, disregarding the pulsation effect
of the Taylor-Proudman cell beneath the crystal during its

formation in the low viscosity case.

If the crucible stays at rest, while the fluid motion is merely
induced by the crystal rotation, as it is the case in figs. 14a-f,
no stagnation surface develops and the whole melt is stirred.

As in fig. 6, a vortex appears beneath the rotating crystal

which gradually enlarges moving to the outer region of the

crucible. Finally, the crystal spins up the whole licuid volume.

Figs. 15a-f show the evolution in time of the flow patterns in
a counterrotational case with different but not too small
angular velocities of the crystal and crucible rotation.

As in fig. 7, two vortices occur beneath the crystal and in the
lower edge of the crucible, respectively, which gradually
devolve in the two expected Taylor-Proudman cells. Moreover,

we note that in contrast to fig. 7 the formation of the Taylor-
Proudman cell beneath the crystal does not proceed monotonously

but exhibits the same pulsation effect as in figs. 13a-f.



Figs. 16a-f are concerned with the counterrotational Czochralski
case of a much faster crystal than crucible rotation. In the
beginning, the flow patterns are quite similar to those of

figs. 15a-f, but in time the crystal throws the fluid aside up
to the crucible wall and a large vortex develops in the upper part
of the melt. Nevertheless, contrary to the moderate viscosity
analogue in fig. 8, the rotating crystal is not yet able to draw
a whole column of liquid from the bottom of the crucible upwards.
We therefore present the simulation of this case with a still
lower crucible rotation rate (see figs. 17a-f). Here, the

flow patterns are very similar to those before, but gradually

the crystal rotation dominates over the crucible rotation,

thereby preventing the formation of Taylor-Proudman cells.
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CRUCIBLE ROTATION
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1.5E0 cm/s

18.0 s , Vpax =

t =

13c

Fig.
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1.0E0 cm/s

Vmax

25.0 s ,

t =

134 :

Fig.
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5.9E~-1 cm/s

35.0 s Vmax =

t =

13e :

Fig.
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9.2E-1 cm/s

2.0s , Vpax =

t =

14a

Fig.
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6.9E-1 cm/s

10.0 s , Vmax =

t =

14c

Fig.
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7.0E-1 cm/s

54
v Vmax T

20.0 s
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Fig.

CRUCIBLE ROTATION :
CRYSTAL ROTATION :
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Fig. 16b : t =10.0s , Vv . . = 6.9E-1 cm/s
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6.7E-1 cm/s

v =
max

16d ¢ t = 35,0 s ,

Fig.

P T PR i T S R i S IR R VR SR R R N R . R SR SRR L ¥
\\*’tﬂ-ﬂ-i-“i-<<~¢¢¢-q-<-<-<»4-4-<-1-1~1-1~1-1-§<»<<444v\;
~ \'A*"Qﬂ(‘d““‘d‘Q(i(“‘?‘Q‘114"‘4
\\\ xy-v\\‘qa}'rr}}A44<<qvvvvvvw<4¢p*
‘\\\ "¥‘§L‘r§§\\iﬂil"q““,““(‘4‘T
‘\\\\¥1AAAA4'>5A5‘A;AAs>’,‘A;‘\‘<44p}
s\\\\\{44441v>>s;;;;;;s>>>y¢4‘;‘<A4b

\\\\ ‘74fflvysﬁis*s‘;nsns>>'4"A»4AT
\\\\\\>””’****\\*ﬁih;;hhh»vr’Vr AT
t \\\-b’/”—'-v-*‘“\‘s‘sn;sss»»h11>41
\\1\_.///')"...5*‘\\‘\‘;:\;;;sg;s;\i»A?h
L \\ _’//”’**““‘\\“i‘;;§AA\\'\D47
\\\—’/'/,’—v"“““““‘.‘§§§A\\§>‘T}
\t:\"”””‘*\‘\\\&\AA&A&&A;;;\A.4r
f‘ §\‘)”'”5“‘*i‘i\((*‘l&\{t-\ttsv’;
/‘ \\,,—-—v.vv»sﬂiquqﬁiiﬂi'&**\&a;;;s-lff
‘j \\*"’>“'vvvvvv‘i1‘<‘<<A§;x;m;>i b
é/‘\\*“""'VVVVV““‘(*\\\AAA\L?’;P
//;vi"'r'»r»rrrrvvvw1‘<<«\<;*~‘svl’z
//;rr"»;‘»p;'rrrrvvv‘iﬂ\\\\nnxtsaf

"///Klltlllll}}””"VVVQ{‘{*\AA;&-L’”

d’/(/tttttttltﬂtll»ﬁ""'14«&&&;;;s~>-y1’

o P E P N Y B AV IR S S S A S A A 2 A B B R U U U T N I R ﬁr

kc—'(((kr(’rtlll“tt»"rV"QAAAA;;;*;;’/’

T T A A A A & A A A & & & A& b F PP P Y Y N4 A A A A A A A ;1/?

(—4——«4——4—4—(4—(4—4—4—&‘4“‘)»)"‘!iAAAAs;;s;»yl’

4"—4——4——«-4—-4——4—(4’4—4—4'4-““‘))P"i«&ss;;;,‘,*,,qf

AT A d AT A A A A 4 A A 4 & & A& 4 A A4 A P PV N A A A A A A a2 a e e ey b

A A AT A a— w4 4 A 4 4 & 4 & 4 4 4 a4 S, PV VA A A A A A e a e e e ey A

4-—-4——1——4——4-—4—4—-4—-4—»4-—4—4—4—<-4»&4444‘}"\;;nss;,,,,,,,‘

4—1—4—1—4—4—«4—4—-4—4—4-4-4444441;'(;;;,;,,,,,_))’74
c—(—*—-<—<—<—<—<—<——<—<—<—<—<~<((<<<¢<A\>>>>>>>>>,,>),Y




67
= 6.5E-1 cm/s

A"
max

-

‘@ W GG - - G - - e - - -

P bl A A A A - - - - - - -

B A o SR o SR i i ol ol i et i ol e R R I I R

I//*\\‘n‘\‘l‘l‘l‘l‘l‘l"‘l‘l‘l‘l"l‘l‘l‘l"-‘r“

By § & ®

N T et I O

/'If\-\‘\‘\i\""""""""

NN“/rlv\v\\ivvrr»»rrtrrtrrtrr
//
\

BT Jh gl K N JEF UL VL U B |

-
'Iv/ /Aew‘L.A.‘A.A.A.ll.I.'A.I.A.A.A.A.I‘I‘A.IA
\‘// e‘\IIAAAAAAA‘AIAAAIAAAAAI
\ ///«v\tlllllllllllllllllll
//‘ /«q L A L O Y 25 T T T N N U R
- ///«Arvvvvvvvv1iasgg;A;;A
.‘/ // (A'!‘IV'VVVV"!!(QQQ!Q
L4 // //ra"i"'.'."""“‘!!‘!
- ///t'i\i.‘.'.":’n'.'.'.‘.‘.‘i"!'

- (t'!\\\\'l'l'l’:’t’l'u'.‘.‘.‘.‘.‘."
- ﬁ /l'\\\‘\‘\'l'l'l'l’l’l’n'n'.'.'.'.'.'.'
\\ /li\\\‘\‘\‘l‘l’l’l’lv:vlv..vlvlv.'.'."
\\ /f\‘\‘\(\i\!&l'l'l'l’l'l'l’n'n'-'.'.v.v.v
\\\ /1'\‘\‘\1\1\1\‘*1'1'1'1'17:7:'.'.’.1.1'.7
\\ //IV\‘\\\‘\‘\‘l'A’:':':'lV:V:".V.'.V"
““\ //'\‘\1\\1\4\1:'.':';','",'.7.','""'
\\ 4T 4 4 4 4 A A A A A A
\““@ 'OR SR A T T A A 2 2 A N R BEEE TR YN W WENR WP W W N
\\\ v 4#”' Y 2, » 2+ » » r 7 7V Y Y U A A A
P A I N B T R T Y Y Y A A A A D T L I T N
P A I I I L T Y Y B AR AN A A R
- a L s A Ak A & & & A A& A A A s S PP YA A A
Mt A A A L A & & & & & & & A A A& A PP Y N U A A A
At - - b A 4 A & & & & 4 A& & & & A » )V ¥V A A A
e A a4 4 b & & 4 4 4 & A A A& s )V VA A A A A

Gt - G - & & & € 4 4 a4 4 & 4 & 4 PV A A A

N Y N EE R EEEE I A

- — 4 - G & € 4 4 4 4 4 4 a4 a 4 + ¥ A A

f"}‘l‘lff"‘l‘l‘l‘-‘r“““‘“‘4""'

\

a4 A 4B
A A M A
A
> g

A

FER B A N A |
4
vvvvrrrrrrrrrr'rerVVV"‘ v 4
vy v ¢ 5
vy Y Y T L LA

v
PEECEEF U Y T N S P A

v
vy v v v vy v v

1

v v

vy r v r vy r rvrovry

y »y ¥y ¥y rr oy r vrvovy
v

y »y yr ¥y yr b ror rryrrvvvuoyuvwy
vy v v
4
vy v v vy
A |

14
1 4
v

Y
vvvvvrrrrrrrrrrrrvvvvvv" v 4
'l

4 A A A A e R R R TRRT R

v v ¥



68

6.3E-1 cm/s

v =
max

4

62.123 s

16£f

Fig.
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6.9E-1 cm/s
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Fig.
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6.7E-1 cm/s
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3.2.2. ACRT FLux Growth

This section is devoted to the low viscosity simulations of the
ACRT arrangement described in section 3.1.2., In figs. 18a-k

we present the flow patterns exhibited in the two acceleration
modes in analogy to those in fig. 9 and figs. 23a-k, respectively.
As in the case of moderate kinematic viscosity, the liquid
reverses its flow direction with the change of the crucible
rotation, where for low kinematic viscosity additional vortices
develop in the stoppage phase. Altogether, ACRT seems to be

an effective method to obtain optimum stirring of the melt

independent of the kinematic viscosity.
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3.2.3. CACRT Czochralshi Growth

Here we are concerned with the low viscosity analogues of the
CACRT arrangements defined in section 3.1.3. Figs. 19a-g and

20a-f show the flow patterns of the CACRT simulations with

2
V = 0,005 S%m and a time period of 1o s (as in figs. 1o-11)

for the counterrotational and the isorotational case, respectively.
Figs. 21a-g and 22a~g differ from these simulations in the time
period, which now has been increased to 20 s as in figs. 26-27

of the appendix. In the case of the low kinematic viscosity,

the flow patterns for the counterrotational and the isorotational
arrangements do not differ as significantly as in the moderate
viscosity case of section 3.1.3. It always develops a Taylor-
Proudman cell beneath the crystal in the acceleration phase,

but deceleration of the crystal and crucible rotation destroys
this cell and causes fluid flow from the bottom of the crucible
along the axis of symmetry towards the crystal. The choice of

the longer time period of 20 s seems to be more advantageous,
because, in this case, the ligquid is given more time to react

on the varying crystal and crucible rotation rates. Moreover,

the Taylor-Proudman cell beneath the crystal is a little greater
in size for some time, and the suction effect of the crystal

in the deceleration phase can be better exploited for the

Optimum stirring of the melt.
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Fig. 219 : t = 40.0s , v .. = 3.0E0 cm/s
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4. Conclusions

Within the scope of our present investigations of forced

convection we should like to make the following inferences:

In the classical Czochralski crystal-growth process as well
as in the ACRT arrangement and its application to the
Czochralski method (CACRT), stagnation surfaces which prevent
complete bulk liquid mixing in the crucible exist for most
of the various angular velocities of the crystal and crucible
commonly used in exXperiments. Practically speaking, non-
nixing Taylor-Proudman cells are absent during the classical
Czochralski crystal pulling only when the crucible rotation
rate is very small compared to the crystal rotation rate.
Especially, the present analysis has shown that the counter-
rotational arrangement with crystal and crucible rotation
of the same rate is the worst case in view of smooth stirring
of the melt. Additionally, in practice one should pay more
attention to the isorotational arrangement than up to now.

It should be pointed out that these statements are inde-
pendent of the actual value of the kinematic viscosity
of the liquid. Therefore the crystal grower has to be very

careful in the selection of the various rotational rates.

ACRT has proved to be an effective method in order to achieve
optimum stirring of the melt in the crucible. In the case of
comparatively high kinematic viscosity, its application to the
classical Czochralski method (CACRT) causes complete mixing

of the melt only in the isorotational case when the non-mixing

Taylor-Proudman cells vanish periodically, despite of
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intuitive predictions which might have preferred the counter-
rotational arrangement.

For low kinematic viscosity, however, CACRT seems to be an
excellent technique in order to achieve total stirring of the
melt independently of the relative rotational motion of
crystal and crucible, as by all means the time period of
acceleration and deceleration is much smaller than the
transition time needed to reach the steady-state of the flow.
Here the use of a relatively large time period for the
alternation between acceleration and deceleration seems to

be slightly preferable.
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5. Outlook

Recently, we have started the simulation of free convective
flow in the classical Czochralski crystal-growth process

in order to study the flow patterns resulting from the
superposition of free and forced convective fluid motion
afterwards. Part 2 of this report will be concerned with

these investigations.

Moreover, in the case of liquid copper, a detailed
experimental analysis of the CACRT method based on the
numerical results of the presented computer simulations

1)

is planned .

Finally, as already mentioned before, we intend to investigate
three-dimensional fluid flow, too, in order to examine
whether there are similar non-axisymmetric flow patterns

as described in [6].

1)A corresponding paper will appear in the near future.



- 118 -

6. References

[1]

[2]

[3]

[4]

[5]

[6]
[7]
[8]

[o]

[1o]

[11]
[12]

W.F. Ames, Nonlinear Partial Differential Equations

in Engineering (Acad. Press, New York, 1963)

A.A. Amsden and F.H. Harlow, The SMAC Method (Los

Alamos Report LA-4370, 1970)

J.R. Carruthers and K. Nassau, J. Appl. Phys. 39

(1968) 5205-5214

R.K.-C. Chan and R.L. Street, J. Comput. Phys.

6 (1970) 68-94

F.H. Harlow and J.E. Welch, The Physics of Fluids

8 (1965) 2182-2189
R. Hide and C.W. Titman, J. Fluid Mech. 29 (1967) 39-60
C.W. Hirt and J.P. Shannon, J. Comput. Phys. 2 (1968) 403-41]

N. Kobayashi and T. Arizumi, Japanese J. Appl. Phys.

9 (1970) 361-367

N. Kobayashi and T. Arizumi, J. Crystal Growth 3o

(1975) 177-184

O0.A. Ladyzhenskaya, The Mathematical Theory of Viscous

Incompressible Flow (Gordon and Breach, New York, 1963)
W.E. Langlois, J. Crystal Growth 42 (1977) 386-399

W.E. Langlois and C.C. Shir, Computer Methods in

Applied Mechanics and Engineering 12 (1977) 145-152



[13]
[14]

[15]
[16]

- 119 -

B.D. Nichols and C.W. Hirt, J. Comput. Phys. 8 (1971) 434-448

P.J. Roache, Computational Fluid Dynamics (Hermosa

Publ., Albuquerque, N.M., 1972)
H.J. Scheel, J. Crystal Growth 13/14 (1972) 560-565

H.J. Scheel and H. Miiller-Krumbhaar, J. Crystal

Growth 49 (1980) 291-296

H.J. Scheel and E.O. Schulz-Dubois, J. Crystal

Growth 8 (1971) 304-306
E.O. Schulz-Dubois, J. Crystal Growth 12 (1972) 81-87

J.E. Welch and F.H. Harlow (et al.), The MAC Method

(Los Alamos Report LA-3425, 1966)

G.P. Williams, J. Fluid Mech. 37 (1969) 727-750



7. AEEendix

- 120 -

The table below describes the following figures of this

appendix:

Fig. No. | Analogue to Arrangement Description
Fig. No. of the Model in the Text
23a-k 9,18a-k ACRT section 3.1.2 and 3.2.
p. 31 and p. 75
24a-g 1o0,1%9a-g CACRT section 3.1.3 and 3.2.
pp. 31-33 and p. 87
25a-g 11,20a-f CACRT section 3.1.3 and 3.2.
pp. 31-33 and p. 87
26a-g 2la-g CACRT section 3.1.3 and 3.2.
p. 33 and p. 87
27a-g 22a-g CACRT section 3.1.3 and 3.2.

p. 33 and p. 87
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Fig. 23d : t =15
N - . - O
S v Vpax = 2.5E0 cm/s

¥
¥

PR I e
B & 5 s
P D O I N T
T N N A b oA RV P s s & s m @ A A W G W E W W ‘\
?ff/ﬂl”"*’mAQQVf}-};;&&«*‘_*"'w? &
?f/’j,,/,"“’*a.‘«stvvrr}ﬂae*e.&@,,"::‘
lf/‘,f//j’::*“‘tvIPI‘}I#;«.‘»“"“‘":
’a?///ﬁ”***“‘*t‘f!fﬁﬂldz»‘qg‘\‘“‘
///‘///,y"*:“*‘iii&f&*'ﬁ‘c-\vv»yu;Q,
//é/f;w»\\x‘**¥%+iirt»aw»‘xﬁk#;
/////ﬂ$\xxx\\§%&**f?**w&&**##*
' ///ﬂ* \\\\\\¥¥§tivv'~»ss§§4+
/ =
U /////gﬁm\\\\\\k¥¥%tvv';;Atsé%e
///;/;w‘\\\\\\\¥\¥\qii»4&t*%éé
/////»*\\\\\\\\\§\iﬂ**444%49%
/////Wm“\\\\\\\\\\nna»«a4;¢44
/////w»“\\\\\\\’x\xxxaﬁrf44444
/%/?/;»“:té\\\\\\axmm»r1444;4
ooy \\\\\\\\mmb»rq'dd&i
//?‘;//»»:\\\\\\\\\\%&*vvv444;
////aw\\\\\\\\\\%\****rf444
////J‘\\\\\x\\\\xﬁ\\“\**’v’4',,g‘
////»»“::\\\\\\\\\\%%%*"."4
//‘;/,%x\é\\\\\\\xx“**,.,,,,‘
/ /“""w»‘ \\\\\\‘%%‘tm&«s*&;h»t
//;/#%“:\\\\\XM\\&‘&“*‘tt‘
/”& R T T T T i i
///J “\\\\\&kxummmm“i**"
Bt N 447
//,’_’u\“\\\\“\x“%mw%“‘tm %4
7 TR NNNNNNm e Al &
/”%mxxwawwwm%%%‘ A IR T B
f:’»»\\uumwwww%w“u“\h\ﬁ\}t‘r
\\* v*mmmmww%%w“mu“&\\\!*&%
R R
NN AL
T e W R T
\R‘\E\Mwﬁﬁ““*“”?y‘ ;i&li
IBNNNSS SS== e e
NS e A AN
KRS — R e
TG a # ¥
PR o S




- 125 =

Fig. 23e : t = 20.0 8 ;, Vgpay = 9.9E-1 cm/s
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= 40.0s , v .. = 1.0E0 cm/s

¥

I A L i o B i e i e i i e Wk AW

N
\
\
\
\
4
b
'
¢
v
¢
¢
¢
¥

¥
%
//W//”*“"%****ww\mm“ 4

&

%
k]
4
%

//’ﬁ/””"““”*wwmmma % % 4%

e owowm W W W W%

R

e NN N

;i/ﬂﬂwww““\\\axx
/"”W’“""*‘”‘*Mu‘*‘“«‘\x W

??jﬁw%ww“\\kaxx

/f/ﬂw%“““\\\kxx

;ﬁﬂww“““%\\x\x

T T TTTEENNNNNAN

O TTTIENNNNNANN

AT TTTENNNNNANY

DT TTTIENNNNANNN

//M”%wwwxh\&\

/ﬁﬂ”%ww\uxa\

NN

SRS
S RN NN RN

S

/
/
/
/
/;
/
/
%

R U NN

\\*“s
R S RN

Fa

SN

%

\\

SO

\
\
\
\
4

¢
/

/

X
R
\\k
A
\KMK
N

R
N
x
N
N
h
W
h
A
A"
Ay
NN
N
N
\
\
\
\
\
|
|

qqqqqq

e g

T T e e e e w w W e W W K K ¥ OE F # R F AR R A w

s

e T o P R P R I B T S

‘\%NMWMWMM o
‘\ K%M"‘*—WWWWW

Foe W OE e

& ¥ ¥ F

&
F s

Pl vy

Mwwww«m&g;ai##k?iﬁa,g,{“
e o e o e e e & & & A B B F T R A & ow e o v ¢ g

e s o dp e ae we % # % @ & F % w oa o B B B o ¥ @

b w . e




= 2,4E0 cm/s

+  Vnpax

1.0 &

oo

24a

Fig.

.06 ﬁmz/s

E]

*

NUE

CRUCIBLE ROTATION

30 rpm

*
%

10
~40

&
#

~80 rpm

L
#

*
#

CRYSTAL ROTATION

10 s

#
“

TIME PERIOD

R R I T T T T e L. k.
FOoF o # & 4 # w s A& s oa w a de me see ser se aer aees afe e — S
A A R O L O T T I N I TP &z&i‘ﬁi&*&i&?&%‘%&iiﬁ%ﬁiﬁ\h\\w \NM» \nmniuwrff;
¥ ¥ ¥ L T T T P R T e, - %%\3&&\%%%%%*\@%%%&\%&%&&&%\\\%\«&\&%\&!
¥ ¥ [ S S Y S I T O O T O B B S R T AT i i R R & w%\ k% s
LN A A G A A A R G R O . R A T S T S JTF I TS SR I R R S A 1 P 4
¥ F ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ oF ¥ OF K o oF R R OF op op op B FoFEE E R F R g v ¥
¥ 0¥ ¥ ¥ ¥ % ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ F ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ 3 ¥ ¥
¥ ¥ ¥ ¥ ¢ v ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ % ¥ % . 4 ¥ ¥ ¥ 94 % 4 N 9 y y o4
¥ ¥ ¥ v ¥ ¥y ¥ ¥ ¥ % ¥ ¥ ¥ ¥ ¥ ¥ % ¥ ¥ ¥ ¥ ¥ 4 4 % 4 3% % % %R 4 4 4 oy 5 %
¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ 4 4 ¥ % % 4 % 4 8§ 4 € 4% 4 4 4 4 4 4 y y H
¥ ¥ ¥ ¥ ¥ ¥ F OF ¥ ¥ ¥ F ¥ ¥ ¥ ¥ % % ¥ € 4 4 4 2 4 3 4 &% % A& & 4 % 4 oy %y
¢ ¥ # F & & F F ¥y F ¥ ¥ ¥ ¥ ¥ ¥ ¥ 9 ¥ ¥ 4 % 4 4 4 4 4 4 A& & & B & B By y B
g ¥ ¥ ¥ ¥ ¥ F E # F F F ¥ ¥ ¥ ¥ ¥ % ¥ % 4 A 4 44 4 A & A B ok % R % W m P
@ i Y A & F F F F OF OF ¥ ¥ ¥ 4% 4 4 4 4 4 4 & & & R R B % h R wm e P
« § m y ¥ & & & F F F ¥ ¥ ¥ ¥ 4 4 4 94 4 % 4 & & & % A w h E B h W
P & & A& & FOF ¥ % 4 % % 4 4 & A & A & % B B B T R R TR a e a0
L A A B T T N T S O S T I S s
TR A s A s R m m R m R R SR B R B R B B de B o e e e P
£ L E 3

e T T e

BB S B e B B e e Sl i Sl g el e

S e e o Sty i "ol i e
g E P B h ee ed ce ee ege oiie S  i “  Ps i nn  n S Gp

i e e e R,

e

e e I WO

5 .
i N S S — 3 £
s B T i B B e i B S
B T e 5 S e o
B e O e B
g B B e
e B -
-
e s s T R

. ixuﬁx\
gy e e el e gy T e s o




Fig. 2

4 ¢ +omm

117.0 8

¥

133

Vmax = 1.7E0 cm/s

€ & & 4

#

& &

P

* %
%
W #*
% ES
S %
& &
§ #
¥ #
3
& &
B B
54
& 1
% %
% : |
% &
.
% %
TR
T
&
& %
& ¥
§ 4
=
3o
48
;o
P
$ 4
it
‘g
o
v
P
& &
Vo

# I g e i
R i
i | ?l é& J\ *ZV ;N@/NJ/ e /’“/ iy R S e R
EE LS NN G AU 2t i
«M‘*\ 5\‘1 . N :t”mw o A DI T R S
o -.:““‘-w\ “«::“wg«. “‘\M o J ® P T A
i S “ *MM{ //; / e e NN Now s SN e
s 7R SR S
i : e 7 v &
] !/*/ /;»,gM - Mfg{),w;fﬁ o ‘; 12 E i ¥ v e owoa o# owow
Py w"/% - P L U S T
Vs e / T LI T S
J/A/"“;’/}ﬁ/yf ¢ A/ E wv’%%*‘:g‘{x\,
/ / /S 24 e
ng;% 7/3{;)@,;*& %"*”“*wﬂﬁ*
W Vil RO P T,
I W
{ K - A A R T N T e A R
§ \3‘ \\ \z, Yo wog b B LIEE TR I SR
ix\M?*‘\,,wwww*em“““
R NS
% % & 34 il 2 \5& ¥ AN S N S N R B A T
é; & ¥ Foow ok R RS N e s W
3; i‘ g B [ T TR N TR DN PO O R
i; Po¥ B % BB R R TR o R W
i 4 N BB BB % oW w e w0 @ @& W
é $ v ¥ FARSETE T R T R
é v oA ow B B R W% s
‘3’ é ¥ Eow % ® W % W W W A N R
é $ ¥ P B W W o w ow . Wy
i {' i’ . F @ W W W W w4 W %
éf ot T T o B N
i ,j{ f‘ ¥ F O B W % W W R ow . W W W%
4 P PR R o i T SR IR R S B
% i ¥ o S T L AR s
j é ; g T L R i
‘{ 1{ f oo SV . N RS e T | RER T
3{ é i P S e
é ’{ iy gk e e
j § ; g R R e
" i J e .
i é f v i PP o TR R %
€ {; i eoeerrrrEA
(11 0
i {w S i My . .
e
LN




- 134 -

& * L a kol k - i 4 £l Ed £ 3 o R I e e ol e e i e R s /er
FEE I T S T G S %&%%%@%iiiéw
4 £ o ¥ w ¥ ¥ ¥ ¥ ¥ ¥ ¥ B E A . e i T \Vx&viﬁ%i&ili&l{@vi?\g&}iﬁ); zw.w
4 4 4 4 € w ¥ F ¥ F @ F F P S P L . L z%&%i?&ﬂ%%x&%&;?ixﬁiﬁ%ﬁ%\zii%&iﬁ\kig/,
PR R R T T I I e ™ z%\%!%%%\%i%%%s\«.\%\%%x%z\%i@f@/ ,x/”
I I A A A S A A O I A A I G g e I O e P P N MMW
»**gm»,aA.«».a&waﬁ&x.%%h.Xﬁ%kﬁ&\w\%&‘%aﬂﬁ\w\%x&xﬁﬁw/ﬂwom«
*wama%.nA_maam.na%aaa&%&%%%awa%%xuxm\mxwﬁwwww
,*)‘..%%mgnxsaxmmm&x&xxaaasaamxa*a%%%%awWMMN,
fmw y»,.,y&g*m_s%aa*ma»*%»a»y»aw;a»rvwwwmw\w%
m a»%w%%)*w»*»yyywwvrvwwwqqfwﬂﬁwﬂﬁﬁﬂ/ﬂ&mm
yy»»awyyywrafq1w#ﬂﬁfﬁﬂﬁﬂﬂfﬂ!?ﬂfﬁﬁxﬁ,/ﬂ/@%“
m a*,»(»yayfwwﬁfdﬁﬂﬂﬁﬂfﬁ?f&/f«;affffffff///ﬁ/&:mw
iy L . T U S e U A IRV I N NN N kw ,
ﬁh [N Y T N N dffﬁi&!f:ﬁ/fii/fi%lf!&/f!ﬁfflfff;ffﬁ/;//?\ )
i e T 4:ﬂf4/A/ffffffffffffiffffffffffffz m
PR ,.?fA,I?fff?fffffffffgffffﬁlgZ:@Jxﬁiﬁ/ﬂr/ﬂ//fLNMH %ﬂm
W b e e e e e e S e S S S S e I T e mmw ;
b= , A.\,&\A;f&fffff?fifffffff?f?&l;géi?fff\mmﬁ .
> m\ / Ai\?f?ff/ff/ff?&/!&!;ffffff;fffgk!gf%jﬁ\HWwW A
. ,M_ .N/ ¥ | e o S o T S | o o Mo o, i o o S T M S o o B o e o B B o o o &lﬁ%\\ - M
»Q\\ X ,/ v s &)‘r/A/.fA/4f4/4/.4;:??f&if?fff?ffffff?;ffgw% /
u iaf? ////‘«.}fﬁﬂﬁﬁ%ﬁﬁﬂﬁfff.? fffffffffff éi?&ffgm%&
o /W ffr///.v,gxy7;7474144444ﬁﬁ4ﬁﬁﬁ fffffff ey o, o, T F B
R,“ ﬁ,i/ //%xxxxxaaaasm,);?744444444g4¢4¢ﬁﬂM
o oS /.,/w\ﬂ\\\\\\\\kuﬂa%««&«aaa&.%y*va»a»W.,
i //4/{; M,,m//,////Vi%*\\ﬂ\\\*\x%\%\&‘i\%\%\?\ﬁ\ﬂ\ﬁiﬂ\f\ﬂ\%&‘mﬂﬁﬁ%ﬂ.%ﬁ%%ﬂ%mM,W
f ¥ ,,///k/ﬂ [K*\W\\h\\“\ﬁ\x@\&\%l\@i&?\\ﬁt}@\ﬁx&i\%\ﬁi@%\@kﬁ P w
* f ,w //,,Z, /V B I S S WV VSR SR SRS wa w
n\ /% x// TS it - Bl T i e e T %% /
b /mlln\ ] /M ,,% N = — e e T w
O /4!! \\ / //;»/J;fl&x o R w
< S \\ / /// !!vlf!w, ‘ s
o e © R . SN 7
&« —
S g N e e e e B T

Fig.



1.6E0 cn/s

~ 135 -
v e
max

t = 20.0 s ,

244

g w w o w o w e e B e i e s R ANy
P TEr I T T S e e el S S ih e st iv.?i;xr/%/
£ e e e B 3 W e B e B e l.wf:..?/w, %
PRERS’ I NG SN Nt S S ST A N I e I e e &s\#iﬁiﬁ%ii&%ﬁ?ﬁ%ﬂ%ﬁlﬁ%&igf;é/ //,,M
T T A I I S S S I A %&&X&%&gﬁ%iﬁ\%i%&%ﬂ%x&ﬁi&ﬂiﬂ%}fﬁ, JW,//,
EA A A e A A A A WA A A F A W LW L e e VA
s,._wst&&ii%l%.‘umuw\\*kw.m‘h\\W\ﬁ\\n\kx&ﬂ\*&\q\ﬂ%@\&st\ﬂ\m\x\ﬁiww/ﬁ/w‘
AURLA A A A A A A A A A A A A A A A R A A A A A A A R a  aA ,yw._,
%*%*mﬁa&iim&maa%aaaxaaaammg&aaamamxwuf”//w%
?aay*»’;a;;»»»;»*»yyaa&*»%»»w&vw»,,**vwwww/
;y»»a;a;y??»vayyxyywwyyxg«yxwxxx»#aaw%; ;
y»y_,ayaa»1»ww;gxxx;fﬁﬁﬂ%ﬂﬂﬁ!ﬂﬁ//ﬁﬂﬁg,%w‘
A AN R AN Y VR RN RN R R N R RN RN RN RN R R R R R e RNy
;wxzfﬂﬁﬁfﬂf/ﬂ/f/ﬂ!ffﬁfffffffff/ff/ff\“
S N
f4fffffffffffffffffffffff;fffﬁﬂ[/ﬁ g\&

iiiii L T, T B ol T e, Wl ;g;f;fffffffff;ﬂ/////fﬂ\ &. w\

E
v s waii?é}ff&fﬂ&ff%ff%/ﬁ%ff%if%f?&f?&i?&!?hf?hﬁ?/AV%?WWwwN
ég&mu#ffffffffffffjffzzzzgggﬂﬂﬁﬁ%MJf;
yf/fm\¢ﬁffff/5fffffffffgfzzﬁﬁxzxmijY\
- enaﬁfffffffffffffgffziZKﬁﬂf T ‘Al
‘ Q/VM kaafﬂﬁ%f/ﬁfffffﬂffff???y?%%%ngQ I
# /,/Wﬂyﬁ y,y;1x4,ffﬂﬁfﬁfffﬁ;f«/fz%/f{?/f/f//ééﬂwfkﬁx\w\wu ‘
WMWW ) W/,/M/% WA A A AR ﬁﬂﬂﬁﬁf?fffﬁffaffzﬂ////j Al
y/wﬂ 3 /,Mm ,/M/%ﬁxm&.m*;rfwwfﬁﬂf?ffﬁzﬁff//ﬁff//(\%
»M/,MH | m_«fw/y%é%hiaxaa*yvawgﬂﬁf!fffﬁfoﬂ/z,«/w \\\w\w
MV/\\Ww%Mx/ia@&sxﬁﬂk&&amsyvvvdﬁﬁffff,dfd/ﬁ/?/g \\w
%ﬁ/%&m ; WK/%j;\«v%%\&,kﬁ\\%\%a.&&a,pwffdfﬁﬁﬁfﬁfﬁs;ﬁzfg.gw\\x\ /
%4/%\\%\&@ ww;/i;sézaw%%\v\w%&%%%%&m»wﬁ#&dﬁﬁfﬁf{g‘m\\“ ‘w
Mﬁf&\&%m W;Mi!&:é%%?é%&@i%%%%ﬂﬂi&x y#ﬁdﬁ%fﬁfff&;s&i\.\@w
»ffkﬁwx W. M/&f%%&?%ﬁ?l%%%«.iﬁ%ﬂ%%.@ﬂ?ﬂﬂ%x w%lﬂﬁﬁfﬂa;gm\sw\m
N, § 0 e B e e ol B e e e L gt e R e S M e
R ARSI SRR B T I R T A R S

Fig.




e R R e e R

B e i s SPTs

o

Pl R s I e

SE A B B B B B T B B

W
“ /
2«/ «., p

1.1EQ0 cn/s

- 136 -

Vmax

t=21.0 8,

24e =

f//r 3 k/e
A G . G P t\%\i\%\\%\%%\%i\,ﬁaﬂﬁx\%i\visﬁaii;// i
Wi
A FF T W L T B T B W B e B T B LB B i, /»
z?ow\/!.f/ gt
N Jm
LN

E4 \\A\X\&.\X\\%x\\%xﬁ\%\%\i\%\*\*\i\%\ﬂ\ﬁiﬁj/

¥
xx‘a\th%\\k\&.»%%%wﬂh‘ﬂ&.f%/f/ywwv
N
MV I

v
b

i
i
11

i ¥

Ny
i
i

LA A A A A R N B T B B B B A A
»»w.,»*,,yyfyqffxxa>
x

4 £
boA
LS
A N R T T . L N N

T E s e w ww y y
S NN

7
4
/ Y
A %
k xR R R OR R ow ow ow ow ow v %N R owo
4ﬂ -
AN -

v
-
Ed
Ed
#
£
#
4
3
A
%
X WORR R R R R e e W e e e e s e e e, T, I
N

¥
¥
5 #
4 4
£ 4
L
[
LI
L
ok
RoX
N

iy

ﬂ,f‘ff/f/f}/¢fﬁ/f&fﬁ!f&/ﬁfﬁ/f%F%/%if&?ﬁi@i?&?hi%!%/%//f?;R % 1
[ Y 4//f/ffffffﬂ/ﬁiﬁ/ff/fiffffflg?jf&/fw///ﬁf \\ mm
a44;ﬂ}/f%/fﬁff%/7&f7£f%kf&i¢&/?&f?&!?i?%L?h!?hf%/// ﬂf&xm
. **L?f&ff&/ﬁ/ﬂ&f?kf&!f&f%ﬂf%ﬁ?&i%LT%i?ii@LThf@f,%//M/@!w %\

o T e e e e e e e e e e e e e et e S s fﬁ?wuwk
ﬁzfwa?f/ff????@@%&ﬂgff7????§§&ﬁf, Wwf %N
ﬂ fé,/// / g < o B /ffff;fgfffifgf;ﬁ// Af,f,/ \ ]

*, A\\\K / m‘
/
)

Y RN ),
,.///, // H; N L O R Azfﬁf///”/m,/ﬁgwwa\wm\n :
‘M//‘///M%sv\\\xaa\,»?rvggaﬁﬁafﬁf/ﬁ/%/ﬁ/xﬂ//?x%\%&

»
»
#
#
A
4
4
4
4
4
&
&
AN
®,

E A S " S U W T N S
B T N P . |

AN
“r
s
-

¥ ¥

—

5“4&;1w3—)~a~+-—>»99aa9;»\*\

i
:

o

g

|

\
Z

x/‘ / § 2 T O N T U N N N S T S //4//{/ co
S

L7

 / e’ ]y
¥ s

&{m»?xﬂﬂﬁﬁﬁffdfﬂf@!z?ﬁlﬁiaffﬁxz// 4//4/ﬂ/A/!V§\\ 1/

i

- s

B
2/

S

e

=

Y

W\
AN
LN |
3 s
w BE
%W\\\ «/K//%:,V\V\i\ﬁ\%ﬁ%\xmg PO T N f,d////‘mnfﬁftlnf ,m
. . . 7 /

M// \ 4 i A N A e R 4#%4/#/4//5!%6\%\
(/k\\\x\ ¥ /ﬂs/w,sfv A 0 % ¥ 0¥ A
¢ = /
A . [T e e N %,\m
//,&M\\\\ m\ / /,/Jt T A * o w W, W e - »ﬁ,,\ &.
A N R R L L RN e =
Xr//i\i\\ %\ w " B e G I e R S N S T S o o Ty T

e \\.\ _«\ M@ N G ¥
/A/;Maxk i § e B e I IR I S N T N T S o T S /
A A A e e e = > B B B B P p K e o g

Fig.



- 137 =~

1.5E0 cmi/s

v =
max

b= 25.0 8 ,

24F ¢

Fig.

P R e e R W % A B e S e A e S
LA R . B O O - o
LA T R R B N %&,&%ﬂ)\}
LA O A 3 e %E%E%ﬁ%&%ﬂ*&%ﬁ%@%&iﬁ&%&%ﬁﬁ&%ﬂ
LA BN N R RV IR R N R *i@t&kﬁ&ki&%%x%&%&i&i&%&b&»\i\t\k&&\%g
¥ RF ¥ F wwwswukk%kk%\%%%%\%.*\wxisxi\%aaai\nxwkxxwwkt ﬁ
4%«%vwwww.vw.nm&%%k%i%%%\%,,k\h%ﬂ%\mm%m1%ww
w‘_ﬂw«ﬂ»wwwwm*w*wvwmvwvvhnwvwwvww«_wm«)*&w
L0 S Abe AN SU0 N N BN BN T B B AN AR S S B A e 00 S | wwrﬁﬁﬁww
L S U S A S A A AN ST AP AR A0 AR e N S . S N D | T R S N et \
LR AR A TR S SO AN AN CE R R SR A AR SENE £ AN N SRR SR T ,b.fs?i.,fr}rzizi»\\
B B £ K SO A S S SN N SR A SRR SR L B T R S fifffﬁfrziszr;\s\,
PN N T 2O SO NS N D N N BEW BUE SN BN T | ﬁxﬁﬁffffi,v,f,f;ri?ir;rfyfkﬁrér\w\.
‘.mmmxm*mw««"‘**;x;ﬁﬁiiflfi{iﬁ,;f:iirssf?ikw\x
S b g B ¥ BB F ¥ ¥ *Amkfﬂiiiffffftjrz%irl?}rf?fvlritx&\
w“ Loj ¥ g wo# BoF ¥ ¥R R ek ?fffff,ﬁ;ffa?i;{i;f?é;é““\
w M w M w § B o# B @ LAIE SO TR O S N O N NN lr,:f:fsifii?s&r:iff!!f;vfféé\&‘
///M«w FooF A P N R e e i e e e e i g i i i i, i, s s e
/Jr r § L B R . E i T ROy e?t?i?i!?iifff?ji&f*:}?i
V‘V/t y 4 B R E B e s i e S i e i e o el e g i ey e
RN

FIAK
N

f

t \fv\
RN
| 4

e

-

/

|/

{M/
e

i =
i

|

7
/

/:#zt\txt_\v\i..\ti?af%*

S e x‘&v;?s!fi.é?it!v!!%i?éftiiifiiffi
/zfi.&..#*«#;«‘sv?vxf%it

£

/ir}f&ﬁk!\iiv i

//:fvf,rxi#xiv\ﬁ

i,

T

2.

;

1




- 138 -

Fig., 24 > s . —
ig g t 30.0 s , Vmax 2.0EO cm/s

)

%

%\M
f

e BT R OR WM W R R K ® R T T Y O B R b A A A A A A4 oy AFS

4 -
NSNSy Zens
v :;MM\ /‘j:,u W,
/ W /*M
j//Q4 %/GZ:m
K/W/V/

4

/// e T
e

/

£
L S

/
/
|
\
|
|
|
|

4.&%»»*@*«'&?’?77#744
e i e e S B B B B B OB P BB g g

B s e B B o P S A T W W P Y ¥ F 4 4 &

v/
/
;
\
\
!
¥
b
v
‘
'
'
|
!
|
|
|
|
|

'S
v
¥
¥
¥
¥
¥
¥
¥
¢
¥
V
v
v
¥
¥
v
v
I
|
'
'
'
|
/
|

/WW
i

L Y I R N

//’//M»ﬂ”ﬂﬂ”ﬂ”ﬂﬂﬂ””#*’”’* ¥ ¥ ¥ ow ¥ ¥ ¥ ¢ 4 £ £ 4 3

o

A A

b'ﬁ‘f‘444#44463444444d¢4434444JdiAAAAAAA

A R L T T e O T O O O N N N T T T T N N e N N N N N N S N S S A T
w B O® oO®w o® ow ow o oW OB T OB OB ¥ "% O® O® R O ¥ Y ¥ B OB O OB OB & B B OB OB B B A A &

- T L B W OW R T W R % % ¥ ¥ v % b b A A A A F o o o oo FF

e Tl el e W W R O® R OR O® ¥ ¥ Y W O® % b B A A A4 4 AP w ¥ ow o> T

w B O oW T W O® R OT R R R ¥ T ® OB ¥ v BB A A A A 4 4 4 4 4 F w & & F £ 4
. T O®OW OB OB W T W OB T R O® O " Y O % O B OB K B B A A &4 A 4 4 4 4 € & 4 4 &
% % O O® oW oW o®m R oW oW OB O W O® % O® % % B % B B 0k B & B B A A A A & & 4 4 & &
T T T T T T T T S e T S S N N N O S N N S N S S Y
T % % % % % % % %+ % ¥ % B B B R B B B B kK B B 3 B B B B A B B B B A A A &
¥ B R ok A B B A K B A A A A A A & A A A A A A A & & A A A A A A A A B A &

T e N T A T T O T T R T T T T S S
o o Fo Ho, W, e e W W W W " R OF O®F T T T ¥ B b A4 4 € ¢ v w o » »

S

v
¥
4
1 4
¥
¢
¥
v
v
¥
¥
4
¥
¢
/
‘
!
'
/
/
f
\

&%W 7




A e e e W af e e e 1

I I = S S T iﬁ%&z&g/
S A S e T T e e e sl s, %%fﬂ

L R S S T L &%\%%ikﬁ%ﬁ%k‘%&ﬁi%%ﬁ%ﬁi&xﬁ{&%ﬁ\kn\%\&

-/

*%\«.&..&ﬂz&x&ak&h&\a%\h}%\%k\h&%\*xﬂﬁ#&kﬂb‘\h‘\k«k‘

BB R B EEE S A e R e

o He R W S THR TR TS TR W NG IR e e e

& w e ow w woowow v % BB A

TR W R TRGTR RO TG TER R TR TR TR T TG T T R T g R

- 139 -

2.0E0 cm/s

v e
max

a t = 10.0 8 ,

25

Fig.

0.06 cmz/s

10

NUE :

CRUCIBLE ROTATION :

30 rpm

80 rpm
10

40 =

CRYSTAL ROTATION :

TIME PERIOD :

ﬁy&*é*ﬁﬁﬁﬁ*ﬁ‘(*?\'h

L BT R T R TR SO R TR ST R TP R

\

N

/

ﬁgﬁ&(«*%’t%%h&&

#
#
#
¥

k3 i
& 8
F I 4
#
¥R
{ S 4
vy
Y. ¥
v
¥
¥o-¥
¥ ¥
¥ N
ETRE
SR

’i,it,gae«‘s»evsa:ﬁwww\vbh

T e g gy T T T T T T N, g T, e T g e T, T e M T T, T T T, T, gy el e

B

TN

k\\\\\\h&*%éekﬂﬁﬁ
Pl Pl A S S B I . ]
e e e a & K ¥ ¥

C ot ant ettt S i Y G A A

i e e P e ST T R O g

LY
¥y
¥ ¥

%
¥
#

#

Tl e T e T T

3
¥
¥

#

£

B
L]
¥
#

r 4

e T e i | e el

)
4
¥
¥

&

3

e e e i S i e g

77777

%

Bl e e

A

e i ot | it e gl

£

B o w g

e

B e R

B

S

LI S T T N

o O e e e e e R T

#

LT R S Y

X

AURW N W R

£

L3I0 S SR R

e e iy g e

£

LTI B B O <

e

.

&
#

%
&
%

S ;?;P;?iﬁl?!ﬁ\&

e

LA A N o

&

L -
L
wwwwwwwwvwkwwvwv,;vvwwvvvvvww%w&w
«ﬁ%w11Q%%i%%wﬂ«wﬂﬁﬂd&&&éi&ék#ﬁ%\v
44*4a4,«¢4¢4i¢&£&4&3x##ﬁ&&%ﬂﬂ¥9wﬁ\‘
4@4444&A#&&&iﬁﬂ&&##ﬁﬁﬁ?ﬁ«f&ﬁ.ﬂdr?\m\
cxmAﬁﬂﬁﬂkﬁi#ﬁ%f??ﬁﬁfﬁi#ﬁﬁffﬁx#&r\mm
LA T B T O SR T T TR T N \m
4 4 & % %

AW B R RS TRG R TR TR S TR N T e e T S S e e e e
B e e e i T e e e e e i T i T e e e e L e O e

e e N T e e R T T R M N R i e e Y o o e T e e e e

%ﬁ?gyyyjjggjg{{g;g;fﬁgg;ggj{;jfjjféwxW

fyyyyyy;j;g;g;{j{j;gjjfjjfjgfjjgjix“

AR /,ﬂ//¢f/rJ;ﬁf;f/fyf;5#f{J/fffﬁi/ﬁéiﬁéiﬁJiﬁé?&iﬁ%\
b R R R TR O T e T T e TR T e TR T T T T T T T e T

#%%ﬂ#%ﬁ/%i!!iﬁfﬁJEX\,

#ﬁ##i%f@ffgj;gg\

8.

e

LAERS SO AN S

oW

N

M

i
i
\w
1

7

!
‘&Jrszw,\*\am
;,V;w.!???%i\w
‘Ps‘riViw.,iY\\%

B e




- 140 -

1.7E0 com/s

A% o=
max

4

t = 11,0 8

25b

Fig.

Bl @ m o M e @ a a e e  Me de  e l  n M S oi H  Be d M i oi im” n i  on Mi i
¥ Fd y 3 o & E 1 3 .ﬁ*»._t‘.*.AI*&?Q%t?????????????%&\k\c?ﬁf
| A 4 \&\i\.t)kk\“i,&..n\***@5**%&1&(%&:&!&?#&&5?&:*}\}\#\?%/
v ¥ F ok » \¥)\&\}.».abhk##&%****@&é?ky%&x.@*l\\\\\?ﬁ,
¥ ¥ ¥ vwwVv,v\}\\t&blki;&hk&.&*&&&éé&*i.&\\ﬁ%
Yy ¥ ¥ ¥ ¥ ¥ B OF B B OF B OE P P B E E A B A L B 4 A R A oA A om w xE A & e gy oy
¥ ¥ ¥ ¥ ¥y ¥ ¥ ¥ ¥ v ¥ ¥ ¥ P ¥ F P ¥ ¥ ¥ ¥ ¥ th&\tikAkAt%%%d
¢ Y ¥ ¥ ¥ ¥ ¥ ¥ ¥ f ¥ ¥ ¥ ¢ ¥ 4 ¥ € 4 4 4 % 4 & 4 a4 &4 % ¥ V}k\.‘k% £
[ N N 2NN NN T 2NN TR TN TR T R R R S S e R e N . T T N U N U U T T B A S v v b
YO¥ o¥F oY ¥ ¢ ¥ f ¥ ¥ ¥ % 4 & & 4 & A & & & & R B A A A A ok & & A % ¥ oy o,y 4
L I T A A R T T T N O R N T I e e . T U U S U S 4 0
¥ ¥ op B ¥ ¥ ¥ % ¥ 4 4 & & & & & A A A & & & B & = B A & A& 4 4 & 4 4 g kﬁm W
P R 2 2 2 R B UL VA N T N R N R I N T TN N U U N S Gy W % \%% J
¥ % ¥ ¥ 1 % & A& & & & & ?w.P***f*if*f?ﬁ&.if&;dr%ﬁ.%%y?&"
¥ 4 @ 4 & % & v,Y.V.wr.v.i*i@&@*&é#ii!‘f‘f#fﬂf;Pyﬁf,lk\ww
e ‘v,Jrjrjr:w.:Viv.:*lV%V:?w*iYIV!V;.VIP;*t?!VIF!V:?lV:V}V/?;?Jrj,.P;&Jr:f/;#&i
?jjﬁgiiéiééf*i@jl;;;{ifiigiffiif%/&.jaf\ﬂmw
fé:é%iéiiéiéé:i?j}ééf;i&!ﬁ;,l?f?;f!?/?/».ff\uwwaw
Y /////&/vlfvfr/&/r,vfi,r#//i?ﬁﬁi!/&/r{fff/f&fi,xw
.\x\.“*‘a‘;;;;rpﬁﬂi;;f&f&#i%%i%%ﬁf/p/ié.\w
e g @ F K F F B F P ¥ ¥ ¥ ¥ ¥ 4 4 4 % 4 R R R %R WM s Jr,ﬁxf/ji?&a
Q\.M\\k\&\%xkxx\»\\kkkkx.nmvwwwwﬁtﬁﬁﬂxﬁﬂﬁf%xt#k»
&x&%\h\ik\k\h\h\\\;\)\\\\kk%@&wqﬂd&«.###%%Nm
B R e R i e g G e e e g 4 & K OF Ok OF ¥V ¥ 4 4 % oW owm > A
e B B e e e e e T e & & &K F B F ¥ ¥y oy 4 A
//7 T, P P R A S R S S A B T
BT A T B
3 S e Y 2 T I S 4
e P e T Y T A 4
mAJ«;iQ A e e e e e e & & & B
R R T T .




141

Vinax = 1.5E0 cm/s

¥

15.0 s

t

"
.

25¢

Fig.

Ly e B TR W B BB BB B W & B B A
3‘;» oo w W om B @ R b W & %
y PO T A N VR S I S L T

7

e Tt N L P A S

/7

/
A s vy
/

///*&bhhl&l&dﬁ%%.i,

o
L
*
£ @
# ¥
4 4
& &
4 &
A &
{ SN S
B %
BPOw
L
Ok
£ 4
-
S

PR SE . e e A G

ow W OF W o P s N & k% W ¢ W

}‘l

L

x*yr*fﬂ"rr?b&*"ci"*

=

L4
kd
L4
t4
Ed
#
A
&
L3
®
3
%
Y
A
#
e

O A T L W

N A AL I L T B |

w m BoFOF P T ow ow ok k44 g

R U N

P T T O A L A S

VW B A R

&

e
-
e
%
-
*
#
4
A
L
®
3
*
)
&
£
#
Ed
Ed
»
+

B

N Y T T A O A A T N TR T TR T
T N A T AL A I S T T TR T

*

3

. T e e g
B I R e R e e e R M
L
A Bl B el B A B B e i, i;;.w./ N
A ii%;*&\il;&ii%@f&&%iﬂ&sﬁ%&i&%%}fﬂ%fm
I B B G R e e e e o e gt g SO W
i%x,%%iV%%%Q%%i%%xﬁkﬁiﬁ\%\%éNWﬂw
ﬁqti«&tk%&%%%\lh%%%%xﬁiwwg‘/
g;s*am**xﬁxmw*mmnammwv,xw/
uuw***»*h»»amu%%&@%%w&r%w
EORRCNTE RN R N R R R R R e e i ke
vvrvwvvvvvawv#w«ffxﬁxaw
BUORCORR R R CRTRCR RTRIRR R w wlwow RORNCN D
vvryfvyfffxxwifﬂﬁffﬂ/avw
»rv:quf#fffiﬂﬁfﬁﬁ%/f%m
»y»yvrvvﬁf#gf!fffffx,gx%‘\
gy»»arvvfdffwdiﬂff/ffksw\
a»;;»rvrq«fd#dfﬁfﬁ///%m\‘
mans»»vwfffwgiﬁﬁf?//.f&;\
AUATH AT R A R Y R YRR wow ﬁa,ﬁggff;/xz\ &
an»»»y#fdfﬁﬁﬁﬁﬁ??ff{/ﬂf&s\ i
»11444444444.1?&,114!%!4!}{,/!/&{\
4444&444*??&1?&’&3%1?&!?%/&/1&%\%
P e f&f/{\m%

{

?!if&ﬁﬁ?ék\

M“\w“‘%

bas 0
gﬁé

e

. i

i

FRE o :
BT \v{
g T
E




- 142 -

1.880 cm/s

ax

Vi

¥

t = 20.0 s

25d =

I Tl T I e R i T e e e e e e 5
PR I Tt L i T T T I e s e s e e et ) s..Y?vf;.f///
& 4 & € 9w v € ¥ %%%*%ﬁ¥¥@§%xﬁ\i§iﬁ§ﬁ\ii@%1&iﬁ§/w
4 & & 4 F F w ¥ ¥ OF O B F F B P F P W P Xﬂ\ﬁ\*\%x\*\\?\?\&fﬁ?&t\\i\iﬁ}// /e
4 4 4 4 € 4 ¢ « ii*il*%»\&.%xﬂ\%\ﬁ\i\i\i\*\%\*\%\\ikyf\&vi\&‘\\wf MMM
A A 4 4 4 ;uxAAa.*\i!\\\%%\\\ﬁ\‘\ﬂ\i\w\*\i\%\v\!\i\ﬂ\\(if# .%
b)hhhLtA***Q‘i*i*\\“\%\\i\k‘\*\*&ﬂ\{\ﬁ\%\ﬂ\u\\*% Vﬁ,/
».,.,;.,*;*a,*aaaaa;amanxxxxxn\\x%&\\&x‘&//Mw,m
,y»»;»»*»,»‘,.,;\.agaaam*aaxxmmxx&xw\\w#M/M
»»»»’»y*>)»»»»;;»h%iﬁxt*agai&**$$mmvW»/ﬁw
bAoA B A R A A B R A K A A A A A A A A A A K K A A A A 8 A K K AR A 4 ¥ ,w
>p»»»aay,,p»;;ya»,»pa»a»vywv»wzxpwaaw
L S S S S S S L O O N L T T R L T T U T S
A A& 4 4 A A A A A & B A A A A B B A A R R RN R R owowowowmow o wOR KK on v
;.,,.*xx***g\,**,;,»;ayxxf»xxﬂﬂﬂﬂﬂ////ém
I R L L R R L L N U Y S S N O U R T S N VN /
%xk\k\\xxm;*m*_,»yy.,xxxﬂxﬁﬁﬁ/fff,///ﬂ/?\mm
\\\X\&\\xmmhg,yvrwffxﬁﬁffff«zf/,f//x/f\\m
yan
\\.\«*\%x&a**>»ywvfffffﬁﬂfffffﬁz&fﬁ/////?x Nw,
\ \ A v o ow v 4 4 4 A kA R O OB % O® OB O®W R W W W Qxfz.ﬁiﬁlfiff#//ﬂ///ﬂ;f?\\ /
\ \ A e v e ¢ 4 A B % OB OE B R O® R R R R R E. ff:af?z?i/f!fi/fﬁ//ﬂ/f?k\ MNW
/ m L T T L o N N T VO ﬁ/????i?f?fﬂf/ﬁ/f//{\\x
»W /d - wm W W W W W W W, e W, e fff%i?ff???gg;/f////l\ \.\H
N SRR\ A
AN e PEREERNGNNN
Mr/// %(\\w
R\ ?h%NﬁHHJWﬁﬁRWKW
gﬁﬂzs/;afw;/”zf/y /

|\
MM/ S

/

i
RS %:;?M;?fu:..frfii[!f;{g ’ .\q%\
% ;
. i 7

A , .

= i

Fig.




- 143 -

Vax = 1.4E0 cm/s

H tzZ’;aOgﬁ;

2he

Fig.

P A O I I R I T T e e e g N 3
F I DN Ol S I e i e i e e /wfffr,,_m
A 4 . F g F P F BB I B S8 S Sl ol ol el ol B B e s fi?f;?fym
4 & A HF F F F F W B B A B P A T P B L i ol e el o il B i B /Jr/%/ﬂ.m
4 4 4 4 4 H ¥ ¥ ¥ ¥ ¥ ¥ & *%%%@%h%%ﬁ%&%%%i;i;%%i} /k
LR T T A S T A R e A e i i e O e VR //H/M
ww»mm;mumk&aﬁmn.ﬂK%i%ﬁ%%mﬁ%%yﬁx@x&m%ﬁw%%i@t?;?/&,xwﬂ“
*y»y»*uuaxn¢axa»na\&%%@Ki%%&i%i&%ﬁ%if:w
BB B bR B K A A 4 A A4 A 4 4 A H 4 A F A A A A e x| §
ww»*»»w»»*&,**»a**;h*maukxnk*muwy%yaaﬁwm/
P S T S S S S R N U T T S S S SO S FCER S I N SR
p.,y»w»w,*@m%**w*,wwyy»»werv.quwy«wrwwﬁu
»»*m‘w**$*$&ww»*y*rwy»*vw«,»fﬁw;iﬁfﬂw*w .
R I I T R T R O SR G
wmu&mhmmxmm**»%pwvrv:f;fﬂi%?i!ﬁfﬁ,/ﬂ&«w’

LA A A ama a4 4 84 46 44800202 vy sy rvsswaeeww NN P
\\\\&,\axxxxx**u»yyfﬂf«ffféféfffff/g//?\
\\x\ik\ks*\xx P BN RO SO SN WA SN 441#%?????.?‘!},.///1/4!»%
\\\\\\i\%\ﬂk\ # F 4 A A B ¥ P o® W % ﬁifﬁ.&:l!ﬁf?biild!d/%//!/ﬁ!\\&

\\\s\ﬁ\vti.‘ P I T S ﬂ%@ﬂ?ff&:???#{@f!fﬂ////f/f\\w m
\\t = B o® g4 B % ®F BT E #44.41&;?4;??;??%;&%?%14{/}! //i!mv\\ w
: )

// Ay 8 2 @« = = % % = f%:ff?#l%!??*!?&!kt&hﬁ%&?ffd/// ff%\\ M
B e S - ..mi.f/ ;ﬁii

;\
—




- 144 -~

= 1.4E0 cm/s

v
max

+ = 25,0 8 ,

25F

Fig.

v Bk e e W e W & o R w ey

E. 36

& e &%%%&%K*\*\t&iﬁ*&%ﬁﬂt}%&%\%\\\

B

e e e e i e i e i i S

y
&

g % m / M /r;ﬁ/#f,fv]r/&i&jiijriw/wfiﬁz#/wi#fwfri#ié\&f

R I IE S S e S P R T R . S 4

¥
e G R e e e i e e T e #T & & F ¥ ¥
#

R e e e e e e e e T T T & #

L ana e b e e . A

e e T e e e e g

B R = S

o A e A e

T T T e N O N N o e e e e e e i e e e e

4 0%

Boe = o«

ikxww%

T g e i jjjfgjfgfgjjjjéjjffjjﬂ \;mw 4
/7

/

Ak r w ow e

T T e e e J./yjilvli?lijfiiiﬁiiyil*jjjjjééjjggw\\\

LI T T A I 4

Tl
// \

!

e

o

TR e & e T & & a & & ¥ BB F ¥ ¥ ¥ Y % %N % 0w ow R R

G e e e e A 4 & K & KK ¥ B ¥V ¥V ¥ ¥ % % oy owm ™

i e P N M@
Bk b b &k E s s w Bl e e I I S g Vf WM
wwnvwvw\k\\\\\\\\\\\\\\m\w\\\\\\\\xy ?W%
wwwvwmvvwxx\wt\km\kxh\\xmxxmm‘s@,ﬂ,» WMN,
wwwwwimm..vwwwwwvwwwwwwqq,«*ﬁaeafw,&w\wm
‘4w**‘nf14*¢‘4444‘.‘Aﬁ#ﬁ;;ﬂﬂﬁ%d’/p%zy;%\xm@
L A A T R T T T R O O O T T e N lil/rlw\\wwm
L T T T S S S S O O T T T N O e T T f?fw/&f?:a,v\\w\mx
YO8 3 % x%%i,ﬁfi/.r//;%/yi?/&jiw/vlvj/vjjfvéixr!ifiilvsk\%\\m
L M
u

-~ ‘!.Vj/fr!/fj/‘//.rjéjjjjjjjjjjjjgﬁééfj&vwx
o \

’

i

S T N T T T T T T T T T T N
Pl A A A O O e L L T T O O N T T O T T T
R P Y A A R T T e

Ed

i

¥
E4
»
kg
N
*
¥

#
7

/
«m “.
=/

o

i
i

o

i

e ES W e e e

\wwx*i




145
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1.8E0 cm/s
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Fig. 26a :
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Fig. 26b :
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Vmax = 1.6EO0 cm/s
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1EO cm/s

1.

27 t =35.08 , Vpuu-=
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1.1E0 cm/s

27g t = 40,0 s , Vmax =

Fig.
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