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Abstract—Investigations are made of the thermal and hydrodynamic structure of liquid flow in a vertical
cylinder exposed to the simultaneous effect of thermal gravitational and periodically varying centrifugal
forces. The latter were produced by periodic variation of the rotational speed of the cylinder. the axis of
which coincided with that of rotation. A vortex flow is found at the bottom of the cylinder. the direction
of which depends on the rotational speed of the latter. The hydrodynamics and heat transfer of the liquid
stably stratified over the height and exposed to periodically varying centrifugal forces are investigated. It
is shown that there are periodic changes of temperature throughout the entire liquid layer ; the values of
temperature and velocity and their variations at different liquid layer heights are found. The effect of
periodically varying forces on the quality of a growing crystal is anatysed. The paper might be of interest
for thermal physicists and specialists dealing with the growth of monocrystals.

INTRODUCTION

GRrowTH OF crystals in a crucible without forced mix-
ing in a melt occurs in the presence of free convection
generated by temperature and concentration gradi-
ents in the melt. In most cases free convection does
not produce considerable melt stirring and influences
the process of crystallization only in the case of small
growth rates [1]. Forced convection enhances the con-
vective mass transfer rate. It can be induced either by
mechanical agitation or by melt exposure to physical
fields (e.g. ultrasonic and electromagnetic).

Melt stirring by means of the field of body forces
seems to be complicated enough as it requires the
creation of special technological equipment. More-
over. the field-induced stirring of the melt may give
rise to factors which adversely affect the quality of
monocrystals being grown. For instance, crystal-
lization with melt stirring by ultrasound is accom-
panied by the formation of numerous crystallization
centres in the melt and also by the ‘destruction of tiny
single crystals already grown’ [2]. The fragments
of these monocrystals act as new crystallization
centres (the process proceeds within a wide range
of frequencies—from 2 x 10* to 9x 10® Hz—and at
high enough ultrasound levels). In addition, con-
tainer vibrations may be accompanied by the forma-
tion of ‘*spurious’ nuclei at the walls and bottom
of the container and this results in ingot inhomo-
geneity [3]. The ultrasound field influences diffusion
fluxes and heat transfer, which are basic parameters
of crystallization [1]. The mixing of a melt by an
electromagnetic field can be applied only for elec-
trically conducting liquids, and this restricts its field
of application.

Mechanical stirring of a melt is widely employed
in the growth of monocrystals. Mechanical mixers
commonly used for stirring when growing mono-
crystals from aqueous solutions are not suitable for
reactive decomposable melts. such as proustite
(Ag,AsS;). In these cases it is expedient that the stir-
ring of the melt be accomplished by the rotation of a
container about its longitudinal axis. In the growing
of monocrystals, the container is rotated ut any inch-
nation to the horizon. specifically in vertical and hori-
zontal crystallization.

It was shown in the works of Sheel and Shultz-Du
Bois [4, 5] that uniform rotation of the crucible does
not lead to complete mixing of the melt. Moreover. it
is even less effective than stirring by free convection.
All the same, some authors recommended the use of
uniform rotation of the crucible to decrease tem-
perature gradients in furnaces with the temperature
asymmetry [1, 6].

The accelerated crucible-rotation  technique
(ACRT) for growing monocrystals was used for the
first time by Sheel and Shultz-Du Bois. Thev for-
mulated the basic conditions for obtaining qualitative
monocrystals from solution—melt and suggested the
use of periodic decreases and increases in the
rotational speed of a crucible for stirring of melts
[4,7].

To obtain large monocrystals by the solution-melt
method it is necessary: (i) to control the nucleation:
(i) to provide a high enough flow of melt on the
interface; (iil) to guard against constitutional super-
cooling; and (iv) to prevent dendritic growth after
nucleation. These requirements are met by applying
the method of modulat®d rotation of a crucible with
local cooling of its bottom.
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thermal diffusivity
diameter of bulb
acceleration of gravity
height of the working layer of liquid (from
heater to temperature-controlled
substrate)
K coefficient of incident radiation absorption
for ordinary beam
{ length of bulb
n  number of revolutions per minute
Pr Prandtl number, v/a
@  liquid discharge
r radius of bulb
Re  Reynolds number, wr?/y
T  temperature
Ta Taylor number, (w2, —w})r’/v: where
Wy = (wmn“}'a}mm)f.z
boiling temperature
u  horizontal velocity
v vertical velocity
x  horizontal coordinate
N

;:“4:: n, 8

vertical coordinate.

Greek symbols
B coefficient of thermal expansion of liquid

NOMENCLATURE

d  dynamic boundary layer thickness

f boundary layer temperature near cylinder
generatrix, T Ty(»)

#, T,—T{y). where T, is the temperature
of cylinder generatrix

P incident radiation wavelength
¥ kinematic viscosity

T time

d/de optical resolution

@  angular velocity of the rotation bulb.

Subscripts
c temperature-controlled bottom of bulk
max maximum value
min minimum value
rel  relative number
0  parameters of flow core
1 ascending flow
2 descending flow.

Superscript
mean quantity.

In the growing of crystals from both solutions and
melts, the stirring decreases the diffusion layer thick-
ness at the crystallization front. When growing
crystals by the solution-melt method with periodic
variation of the rotational speed of a crucible, the
diffusion layer thickness decreased by factors of 1.4
[8] and 2 [9] for Y,Fe;O,, and by an order of mag-
nitude [7] for GdAIO..

Experience in the growing of crystals from agqueous
solutions shows that superfluous agitation of the solu-
tion does not favour the growing of high-quality mono-
crystals [10]. Therefore, instead of an instantaneous
increase in the crucible rotation speed from zero to
the maximum, Sheel and Shultz-Du Bois suggested
the use of smooth acceleration and deceleration of the
crucible rotation {4]. They found in model tests that
the melt streams in the vicinity of the growing face of
a crystal look like spirals. Three types of cycles of
rotational speed variation were used : a sawtooth cycle
with rotation in one direction, a sawtooth cycle with
rotation in both directions and a truncated sawtooth
time cycle with rotation in both directions (4, 11]. The
maximum rotational speed of the crucible depends on
its diameter and on the thermophysical properties of
the melt. For example, for growing boron mono-
phosphide (BP) crystals, Chu et a/. [11] used a
maximum speed of 120 r.p.m., with acceleration
+0.4 n rad s~°. The period varied from several
seconds to one minute. Good results were obtained
eveninlongand thincrucibles (13cmlong. 15mmid..

20 mm o.d.). where the effect of accelerated rotation is
not so pronounced as in large-diameter bulbs (40—
50 mm). The maximum rotational speed in growing
monocrystals of Y ;Fe O, [12] was 50 r.p.m., with the
diameter of the crucible about 70 mm.

The ACR technique allows one to substantially
increase the size and quality of crystals grown from
solution—melt. Sheel indicated the possibility of the
use of this technique in the Czochralski method {7]. The
technique was also applied to zonal purification of
substances. At the Institute of Physical Chemistry
(Amsterdam, Holland) special apparatus was
designed [13] which decreased the diffusion layer
thickness by reversible high-speed rotation. The
maximum speed attained was 125 r.p.m., and the
direction of rotation changed twice a second. The
time required for a reversible change in the speed of
rotation from 125 r.p.m. in one direction to 125 r.p.m.
in the other direction amounted to about 0.25 s. With
this technique Bollen e al. [13] managed to obtain
effective coefficients of impurity distribution which
were close to those predicted theoretically. For ex-
ample, in the biphenyl-phenanthrene system, which
forms solid solutions, the theoretical coefficient of
distribution is equal to 0.27. The ACR technique gave
a coefficient approaching 0.30. Such a small difference
allows one to find the distribution coefficients for
unknown substances of mixtures from the results of
zone melting.

Earlier investigations [4, 5] showed that the ACR
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technique is very effective for melt mixing. It can aiso
be used efficiently for growing monocrystals from
melts [7]. It allows one to substantially increase the
quality and size of crystals grown due to a more inten-
sive stirring of the melt and smaller diffusion layer
thickness at the crystallization front.

The ACR technique is also used for growing mono-
crystals from melts by Stockbarger's method. It
allowed one for the first time to obtain monocrystals
of proustite (Ag;AsS;) of large diameter and with a
high optical quality [14-16]. The technique was also
employed successfully in Bridgman’s method for
growing high-quality monocrystals of the incongru-
ently fusing compound Rb.MnCl, from non-stoichio-
metric melts [17]. The technique made it possible to
increase the growth rate of monocrystals (three times
for Ag;AsS; and four times for Rb,MnCl,) without im-
pairing their optical quality and increasing inclusions.

The foregoing served as the basis for initiating
investigations into the hydrodynamics and heat trans-
fer of melts in model experiments and their influence
on the process of crystallization.

The problems of liquid flow around a rotating disk
and about a fixed disk in a rotating liquid have been
well studied [18]. The present understanding of the
hydrodynamic structure of liquid near the rigid end
face surface of a cylinder with a periodically varying
speed of rotation is inadequate and has been studied
only qualitatively [5].

Still more complex flow should be expected in the
case of periodic variation of centrifugal forces when
the plane bottom of a vertical cylinder is cooled and
when the conditions for stable stratification and a
horizontal temperature gradient develop. It is these
very conditions that originate in the process of crystal
growth from a melt by the ACR technique.

The present paper considers the results of theor-
etical and experimental investigations of the hydro-
dynamics and heat transfer in a vertical cylinder in
the absence of rotation and in the case of periodically
varying centrifugal forces. when the liquid is heated
from above and is cooled from below and along the
cylinder generatrices. Analysis of the effect exerted by
the thermal and hydrodynamic structure of melt on
the quality of a crystal is carried out.

A FIXED VERTICALLY ORIENTATED
CYLINDRICAL GLASS BULB

The growing of monocrystals from a melt in a
vertically orientated bulb (Stockbarger’s method) is
widely used at present for obtaining optical crystals of
decomposable compounds, such as complex chalco-
genides, which require complete encapsulation and
absence of contact with the surroundings. In this
case the transfer processes in bulbs. differently orien-
tated with respect to gravitational acceleration, are
governed by thermal-gravitational and concentra-
tional-gravitational convection in melts and also by
diffusion. The concentration fields depend substantially
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on temperature gradients in the bulb on their orien-
tation with respect to the gravitational acceleration.

For the vertical orientation of the cylindrical bulb
axis (Stockbarger's method) the conditions for the
growth of crystals are created by a cylindrical heat
exchanger separated by a diaphragm, i.e. there is an
elevated temperature in the upper part of the melt and
a reduced temperature at the bottom, in the region of
the crystallization front. It is of interest to find the
temperature and velocity distributions in a stationary
bulb heated from above and cooled in the region of
the growing face of a crystal (Fig. 1). In this case, heat
is mainly removed from the side walls of the bulb
when the heated zone is located at a great distance (as
compared with the cylinder radius) from the bulb
end face. A free convection boundary layer and a
descending flow are formed on the inner surface of
the bulb, and an ascending flow is formed in the bulb
‘core’. In this ‘core’ region (i.e. outside the horizontal
boundary layer near the free surface and vertical
boundary layers at the cylinder generatrices), the
viscous forces are vanishingly small for a large-scale
flow and the horizontal temperature gradient under
steady-state conditions is also small [19]. Arbitrarily
small horizontal gradients give rise to horizontal flows
which equilibrate the temperature over 'r’, i.e. in the
flow core T, depends only on y = T(y). With the
assumption that vertical flows are possible which
depend on y, ¢(y) and T, = To(}). the continuity
equation gives

u=u(y)x+c

where u is the horizontal velocity component. Under
the assumption v = ¢(y), steady-state horizontal flows
should exist which can be induced by horizontal tem-
perature gradients in the flow core provided there is
cooling of the side walls, i.e. T, also depends on x.
This means that the assumption about the iso-
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F1G. 1. Scheme of thermal gravitational flows in a fixed bulb.
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thermicity over the horizontal and the existence of
stable stratification (T,(y)) require the fulfillment of
the condition t, = const., i.e. that v, also be inde-

pendent of y.
The flow core is described by the following equation:
-~ T ~2 T
ro et = a ey, (1)
¢y 6y

Under the boundary conditions y — c0, 7/dy = 0,
y=0,and T = T,,,. the solution has the form

TO = Tm.n : c_“ L (2)

where the temperature is calculated from Ty(o0), a is
the thermal diffusivity and —uv, is the vertical velocity
component directed upwards. Temperature measure-
ments along the height of the stationary bulb heated
from above and cooled from the sides and bottom
confirm relation (2) (Fig. 2).

Thus, for a stationary vertical bulb the typical tem-
perature distribution in the flow core is that given by
equation (2). ¢, = const. The typical relation for the
boundary layer on the wall is

J( v()) dx = const. 3)
0

Now, the development of the free convective
boundary layer over the cylinder generatrices will be
considered (Fig. 1). It is assumed that § « r,.

Under the Boussinesq approximation, the equa-
tions of thermal gravitational convection have the
form [19]:

dv cv &
o wE oSl _pg(r-T, 4
o5 g = Ve —T-T0) @
cT cT T
o U = aa 3)
oy éx éx?
4><10I..~
.\.
2+ ..\.
101 ~e
8t \
S
o 2
~
19f 7!
8l
6
40
2 .
-1 N 1 . ) .®
10 20 40
y(mm)

FiG. 2. Temperature distribution in the core of the liquid
layer in a bulb (# =85 mm). |, Experimental values. 2,
Equation (2).
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ct Cu
—+—=0 (6)
vy Cx

The boundary conditions are

at x=0, v=0. u=0, T=T, N
or
(€T/¢x)g=T, at x=x, =0
éTjéx=0, T=0.

Here v is the kinematic viscosity, § is the coefficient
of volumetric expansion and g is the gravitational
acceleration.

Let the solution be represented in the form

T=Ty(1)+6(x.y). 8)
Then, equation (5) can be written as
T, ¢t o &0

t——+r+—tu—=a=—. 9)
cy v cx ox-

In the case considered v0 « ¢vT, and, consequently,
the second term in equation (9) is much smaller than
the first term. Since

0
J r dx = const.
0

therefore u « ¢ (J is the dynamic boundary layer
thickness). Thus equation (9) can be represented as

‘T a0
L'(—;*‘9 =d;3. (10)
cy cx”

In equation (4) the inertia term u(Cv/cx) will be
neglected (because of the smallness of u) as well as the
term v(¢r/¢v), which is valid at high Prandt] numbers.
Pr=via>1:

(1D

The boundary conditions (7) will be written as
r=0, 0=20,(orcb/cx=0});
r=0 60=0.

x=0,
(12)

X =L,

Differentiating equation (11) twice with respect to
x and substituting £°0, éx* into equation (10) yields

A4 !T
§—§+¢-ﬁ—g<—o. °>=o. (13)
ix av éy
Let
T,
4m‘=@(~¥); (14)
av ey

since ¢T,/ ¢y < 0, then 4m* > 0.
The solution to the equation

D*+4m* ) =0 (D =d/dx)
at £(0) = 0 and r(=c) has the following general form:

(15)

—my

r=crsinmx-e
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Differentiating equation (14) twice with respect to
x and substituting the resulting expression &%t/éx?
into equation (11) gives

e Bg0
cosmx = T .

—-m¥2c-e (16)
With regard to the fact that § = 0, at x = 0, equation
(15) gives

_ Bg0,

C=3m

When the liquid is cooled, 8, < 6, as follows from
equation (8). The solution for ¢ has the form

—mn

(N

g, . _
r=_—ssinmx'e
2vm

With &%¢/éx” substituted into equation (11), equation
(16) yields

(18)

0=8,¢e""-cos mx.

Since d « r,. then

vomry = 2mrg J
0

Then, substituting equation (16) into the latter
relation and integrating it, we obtain

Bg0,

2vm’ry’

x

rdx.

(19)

Uy

With the use of the second representation of boundary
conditions at x = 0 for ¢0/¢x = 07, the solution of
equations (10) and (11) gives

Bg07 ..

v=oe sin mx 20)

0= -;'e""‘cosmx 21
Byt

Uog = — m . (22)

The liquid temperature measurements were carried
out in a stationary vertically orientated bulb 29 mm
in diameter and 125 mm in height. The bulb had a
copper bottom which was kept at a controlled tem-
perature, T, = 24.5°C. The bulb encased a fluoro-
plastic cylinder 28 mm in diameter and 40 mm long
which had a 4 mm deep slit over the diameter and
along the entire length for inserting a I'-shaped probe.
A 0.05 mm diameter nichrome—constantan thermo-
couple was displaced, with the aid of a transverse
mechanism. along the height and radius of the cylinder
in one plane passing through the bulb axis. The radial
displacement of the probe was controlled by a B-630
cathetometer positioned on the transversing table and
with the aid of a displacement indicator accurate to
0.002 mm ; the reference point was taken to be any
point on the thermocouple transverse mechanism
which rested on a rigid stationary rack. The vertical
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displacement was controlled by a B-630 cathetometer
to 0.01 mm. The needle-type thermocouple probe was
brought into close contact with the bulb wall. The
contact was confirmed by the appearance of constant
¢.m.f. The coordinate of the wall was determined from
the plot of the measured e.m.f. of the thermocouple
vs r, i.e. from the intersgction of the straight line
for the constant e.m.f. of the thermocouple with the
temperature profile in the wall region. The e.m.f.s of
the thermocouple were measured by a P-3003 com-
parator accurate to | um. The cold junction of the
thermocouple was positioned on the copper bottom
of the bulb. A circular heater was attached around
the bulb perimeter in the upper part of the liquid layer.
It was a 0.5 mm thick fluoroplastic ring with a doubly
wound wire 0.2 mm in diameter fixed on the fluoro-
plastic cylinder in the bulb at a distance of about
12 mm from its bottom. The heater was fed by a
stabilized constant voltage source.

To decrease the disturbances, the upper boundary
of the working liquid (96% ethyl alcohol) was brought
into contact with the lower end face of the fluoro-
plastic cylinder. The measurements were taken in
steady-state conditions every 3-4 h after the set-up
was switched on.

The results of temperature measurements along the
height of the ethyl alcohol layer (H = 85 mm) at its
centre are presented in Fig. 2. Over the greater portion
of the liquid layer below the heater the temperature
varies according to equation (2). The reference point
along the coordinate (y) is taken to be the position
of the heater end face. The temperature of the bulb
copper bottom is taken as the reference temperature.
It is seen from Fig. 2 that in the core of the bulb
T, = 40 =% (where y is in m) for y lying within the
range 0 < y < 35 mm. According to equation (2), at
a=0842x10""m"s~"'and T,, = 40°C, the quantity
ro="75%x10"% m s~'. On obtaining v, from equa-
tions (14) and (19), it is possible to determine 0,. The
velocity and temperature profiles are calculated from
equations (14), (17) and (18). The calculated velocity
and temperature profiles in the boundary layer at the
bulb wall for different values of y are presented in
Figs. 3(a)~(c); a comparison is also made between the
measured temperature differences 8 —8, (dots) and
those calculated from equations (14), (17) and (18)
(curve 2). There is a good agreement between theory
and experiment. Deviations appear when y < 2.5
because of the penetration of thermal and hydro-
dynamic disturbances from the unstably stratified
region of the layer under the heater. The temperatures
measured outside the boundary layer (in the flow core)
at y = const. are presented in Figs. 4(a)~(c). The
measurements were made under the same conditions
as in Fig. 2. With approach to the bulb axis the tem-
perature of the flow core slightly increases. Thus, for
the boundary conditions considered the approxi-
mations adopted for the theoretical analysis of hydro-
dynamics and heat transfer in a stationary vertical
bulb are quite reasonable.
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PERIODIC VARIATION OF THE ROTATIONAL
SPEED OF THE CYLINDRICAL BULB

Depending on the height of the melt in the bulb,
the temperature field near the growing face of a crystal
varies and can be non-uniform, thus entailing the non-
uniform growth of the crystal and the appearance of
structural and optical non-uniformities.

Therefore, it was suggested earlier [14, 16, 20] that
for growing monocrystals by the Stockbarger method
the melt in the bulb should be stirred by periodically
varying the number of revolutions by the given modu-
lation law. Let this technique be called the technique
of modulated rotation.

Experimental investigations of the hydrodynamic
and thermal structures of the melt in the bulb were
made on a set-up shown in Fig. 5(a). The set-up made
it possible:

(1) to vary the angular rotational speed of the table
with the bulb according to the trapezoidal law with
any relationship between the rate of increase and

(b)

F1G. 5. (a) Scheme of an experimental bulb. (b) Block dia-

gram of the measurement of instantaneous temperature

values in the layer. 1, 2. Thermocouples. 3, 4. Com-

pensational potentiometers. 5, Voltage comparator. 6. 7.

Constant current amplifiers. 8. Two-channel self-recording
potentiometer.
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decrease in the angular speed w and the time intervals
Tmax < 5 min (n,,,, = 300 r.p.m.) for & = const. ; there
was provision for reversible rotation;

(2) to measure temperatures simultaneously using
eight thermocouples with the aid of sliding contacts;
to measure e.m.f. within F2 uV; power from two
generators was delivered to the table with the bulb;

(3) to control the temperature of substrate
(‘crystal’) by supplying temperature-controlled water ;

(4) to take still photographs of the liquid velocity
field in the bulb;

(5) to orientate the axis of rotation of the table with
the bulb from the vertical to horizontal position.

EXPERIMENTAL PROCEDURE

A transparent cylindrical bulb (Fig. 5(a)) made of
glass (1) with an inner diameter of 29 mm and length
125 mm was positioned co-axially with the rotational
axis of the table (2); the metallic bottom of the bulb
which modelled the plane front of crystallization con-
tacted with the temperature-controlled copper base
(T. = 24.5°C). The bulb encased a 28 mm diameter
and 95 mm long fluoroplastic cylinder (3). The lower
part of this cylinder was hollow and had an inner
diameter of 28 mm. On the cylinder generatrix a heat
exchanger (4) was located which was made of a doubly
wound 8 mm high spiral of wire 0.2 mm in diameter.
The upper turn of the spiral was 10 mm below the
free surface of the liquid to avoid the introduction of
additional hydrodynamic disturbances on acceler-
ation or deceleration of rotation and to ensure an
easy variation of the liquid height by means of raising
or lowering the fluoroplastic cylinder. The tem-
perature in the volume of the liquid was measured
by two nichrome—constantan thermocouples made of
0.005 mm diameter wires. One thermocouple probe
was positioned at the axis of the fluoroplastic cylinder
and measured the temperature along the axis of the
liquid layer (5). The I'-shaped thermocouple (6) was
imbedded in the recess drilled in the fluoroplastic
cylinder; it could be moved in the vertical and radial
directions. The coordinates of the thermocouples were
measured by a B-630 cathetometer placed on the trans-
versing table. This allowed the measurement of dis-
placements in the horizontal direction accurate to 0.1
mm. The thermocouples were traversed at reduced
revolutions. The cold junction of the thermocouple
was located on the temperature-controlled surface of
the rotating table, and the temperature was calculated
from the temperature of the surface which modelled
the growing face of the crystal.

The block diagram of synchronous measurements
of the instantaneous e.m.f.s of the thermocouples is
given in Fig. 5(b). The constant e.m.f. component
of thermocouples 1 and 2 was compensated and
measured by small-size potentiometers 3 and 4 which
had been calibrated with the aid of a P-3003 com-
parator (5) accurate to 0.5 V. The non-compensated
e.m.f. component (with the comparator switched off)
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was amplified by a constant current amplifying
coéflicient. To attenuate the interference, the signal
from the constant current amplifier was passed
through a low-pass filter with a cut-off frequency of
1.5 Hz. The constant current amplifiers had a small
noise (1 uV) and zero drift of 1 uV h~'. The
analogue signals were recorded synchronously by a
two-channel recorder H 3021-2,

Investigations were carried out when the modulated
rotation of the bulb followed the trapezoidal law and
had the parameters depicted in Fig. 7(a), with vertical
orientation of the axis of rotation. The system used
to measure the rotational speed made it possible to fix
the change in time of the number of rotations by a
self-recording potentiometer H 3012.

ISOTHERMAL CONDITIONS

The working fluid used was 96% ethyl alcohol.
Flow visualization was accomplished with the aid of
aluminum particles. The flow patterns were fixed by
a movie camera ‘Pentaflex-16" at a frame speed of 24
frames s~'. As the film was taken, all the devices
operated synchronously. The filming revealed the
character of liquid flow in the bulb and at the growing
face of the crystal and also gave the axial velocity
of the ascending and descending flows. The motion
pictures show that with modulated rotation under
isothermal conditions periodic flows appear in the
neighbourhood of the lower plane and the face of the
cylinder (crystallization front): (a) when the number
of revolutions decreases, there appears a vortex flow
which is directed along the radius to the centre and
axially upwards (Fig. 6(a)); (b) when the number of
revolutions increases, there originates a flow near the
crystallization front surface along the radius to the
cylinder generatrix (Fig. 6(b)). The physical nature of
these flows is as follows: when the number of revo-
lutions of the bulb decreases, the liquid core has
higher angular speed than the substrate and flows
originate which are analogous to those induced near
a fixed disk in a liquid rotating at a constaat angular
speed ; due to retardation the decelerated liquid par-
ticles near the wall have a smaller centrifugal force
and they move radially to the bulb axis: the total
amount of liquid flowing toward the axis of rotation
through the cylinder surface of radius r is equal to [18]

Q, = —1.38nr2/(d,v) 23)

where @, is the mean angular speed in the core in the
period of retarded rotation.

As the number of rotations increases, the angular
speed of the substrate becomes higher than that of the
liquid in the core, and near the growing face of the
crystal there appears a flow which is analogous to that
about a disk rotating in a quiescent liquid : the liquid
entrained into rotation in a thin boundary layer near
the surface is rejected outwards by centrifugal forces;
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the discharge rate of this liquid is given by [18]

0, = 0.8861r%/(@,v) = 0.886nr'3, Re™ "2 (24)

where &, is the mean angular speed of liquid rotation.
At @, = &, the mean velocity &, of the ascending
flow is greater than that of the descending flow (v,):
vifv, = 1.56.

Figure 7(b) (curve 1) presents the change in the
vortex height (#/d) with time and the rate of change
in the vortex height, which also characterizes the speed
of the rise and fall of the liquid in the vicinity of the
axis for H = 55 mm. In Fig. 7(c) (curve 1) a change
in the axial flow velocity (¢) in the vicinity of the bulb
axis is presented as a function of rotation modulation
(Fig. 7(a)) under isothermal conditions. A periodic
change of character in the axial velocity is observed
and, consequently, in the radial velocity near the crys-
tallization front. The ratio of the maximum velocities
of the ascending (v, ,,.) and descending (v, .. ) flows
in the vicinity of the bulb axis (¢ max/t2max = 1.4) is
close to that predicted theoretically, without regard
for the end face effects on the edge of the disk.
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Fi1G. 7. (a) The law of modulated rotation. I, Isothermal
conditions. 2. Non-isothermal conditions. (b) Variation of
the vortex height along the bulb axis (H = 55 mm). I, Iso-
thermal conditions. 2. Non-isothermal conditions. (c) Rate
of change in the vortex height (H = 55 mm). |, Isothermal
conditions 2, Non-isothermal conditions.

FLOW STRUCTURE UNDER THE CONDITIONS
OF STABLE STRATIFICATION

The temperature gradient along the bulb height was
created by energizing the upper annular heater; the
bottom of the bulb was temperature-controlled
(T, = 24.5°C). In the absence of rotation the time for
operating regime establishment was equal to about
3 h. The temperature in the bulb core behaved expon-
entially, following from solution (2). This indicates
that heat is removed through the side surfaces of the
bulb. The heat removal through the lower end face is
significant at high liquid heights.

In the case of modulated variation of the number
of rotations a stable periodic flow originates after
the second period of modulation; the amplitudes of
periodic temperature fluctuations become constant
after 15 periods of modulation. Under conditions of
stable stratification the character of flow is somewhat
different: the greatest dimension of the vortex
decreases (Fig. 7(b), curve 2) as compared with the
conditions of neutral stratification (Fig. 7(b), curve
1) and, because of the radial temperature gradient
produced by the axial motion of the vortex is unstable
and is ‘blurred’ on flow inversion.

Due to stable stratification near the bottom of the
bulb, the velocities of the ascending and descending
flows are smaller than those in the absence of a tem-
perature gradient (Fig. 7(c)).
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Measurements of the actual temperatures and their
correlations were made along the radius at different
fixed heights with the aid of the ['-shaped thermo-
couple. The axial thermocouple probe was fixed in
one position during the entire experiment.

Figures 8-11 present instantaneous temperatures
for different distances (r) from the rotation axis and
at a fixed vertical coordinate (H—y) for the heights of
the liquid layer: H =64, 47.2, 22.2 and 1.6 mm.
Figures 12-15 show the temperature history at a fixed
radius for different *H~-)” for the ethyl alcohol layer
of heights H = 64, 47.2, 22.2 and 11.6 mm. In Figs.
8-15 the origin of time calculation (t = 0) corresponds
to the start of the period of modulation at the point
of the approach of @ = w,,,, shown in Figs. 10, 11, 14
and 15. It is seen from these plots that the influence
of the wall flows at the end face caused by periodic
variation of centrifugal forces is manifested along the
entire height of the bulb. There is a close correlation
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F1G. 8. Instantaneous values of temperature in the layer with

H =64 mm. (a) H~y =331 mm: r=15 mm (1), 2.5 mm

{2), 5mm (3}, 8.1 mm {4) and 13.3 mm (5). (b} H-v = 21.97

mm:r=3.6mm (1), 5.7mm (2). $mm (3), 11.6 mm (4) and

13.1 mm (5). (c) H-y =4829 mm: r = 1.7 mm (1), 3 mm
(2), 8 mm (3), I1.3mm (4) and 13.4 mm (5).
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FiG. 9. Instantaneous values of temperature in the layer with

H=472mm. (a) H-y = 13lmm:r=03mm(1).3.15mm

(2), 6 mm (3). 8.1 mm (4), 11.6 mm (5) and 12.8 mm (6). (b)

H-y = 14.5mm:r = 2.7 mm (1), 6 mm (2), 7.7 mm (3), 10.3

mm (4), 12 mm (5) and 13.4 mm (6). () H-y = 27.15 mm:

r=1L5mm (1), 3.6 mm (2), 7.5 mm (3), 8.8 mm (4), 9.1 mm
(5), 11.4 mm (6) and 13 mm (7).

between the temperatures along the height and along
the radius of the cylindrical bulb. In Fig. 16 instan-
taneous temperatures at the bottom (crystallization
front) near the rotation axis are presented for different
heights of the liquid layer (H = 64, 47.2, 22.2 and
11.6 mm). As the height of the liquid layer (working
zone of the melt) decreases by a factor of six, the
amplitude of temperature fluctuations increases 20
times (the drop between the temperatures of the lower
end face and of liquid near the upper heater was
constant). The actual temperatures were used to deter-
mine the mean temperatures with respect to time; the
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FiG. 12. Instantaneous values of temperature in a layer with

H =64 mm forr =2.7mm (a). 7.7 mm (b) and 13.4 mm (c)

at H-y = 48.29 mm (1), 37.56 mm (2), 29.25 mm (3). 21.97

mm (4), 13.04 mm (5), 3.18 mm (6a.c). 3.33 mm (6b) and
60.26 mm (7).

mean temperatures for different radii being known,
the average values at fixed distances from the lower
end face could be determined.

In Fig. 17 the changes in the mean temperature in
the flow core are presented for different distances from
the upper heater (y) in the absence and presence of
modulated rotation at A = 55 mm and modulation
period 7 = 60 s. Just as in the case of the absence of
rotation, the exponential law of temperature variation
(2) is observed. The constant value of temperature for
¥ < 10 mm is due to boiling on the heater. Because of
the penetrating effect of liquid agitation caused by
boiling, the constant temperature is also observed
below the heater.
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FiG. 13. Instantaneous values of temperature in a layer with

H =472 mm for r = 1.7 mm (a), 7.8 mm (b) and 13.4 mm

(c) at H-y =27.15 mm (1), 19.6 mm (2). 14.5 mm (3), 8.1

mm (4). 3.79 mm (5), 1.32 mm (6a), {.35 mm (6b,c) and
30.75 mm (7).

Modulated rotation induces only an insignificant
increase of mean temperatures; the laws governing
the change in the mean temperature, along the height
of the flow core, both with and without modulated
rotation, are dictated by heat removal along the gener-
atrices of the bulb surfaces. Periodic variations of
temperature throughout the entire volume of the bulb
result from periodic variations in the speed of bulb
rotation with the modulation period t = 60 s.

Figure 18 presents temperatures along the layer
height for H = 47.2 and 64 mm. It is seen from Figs.
17 and 18 that, depending on the height of the layer
and temperature at y = 0. the character of tem-
perature variation near the growing face of the crystal
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is different. For a fixed value of T,,,, there is a height
Iy at which (v = hg) ¢T/¢y — 0 near the bottom of the
bulb. When 4 > h,, the periodic temperature fluc-
tuations at the substrate are insignificant in the case
of modulated rotation of the bulb because in the
neighbourhood of the bulb bottom ¢T/¢y — 0; as the
height of the layer increases. the amplitude of tem-
porature Huctuation at the bottom of the bulb (y = H)
tends to zero. When /s < A, the deviation of tem-
perature from the exponent. equation (2), near the
substrate of the bulb and increase in the temperature
gradient near the bottom of the bulb are observed
and, consequently, an increase in the amplitude of
temperature fluctuations near the growing face of the
crystal (see Figs. 17 and 18). Thus, by changing the
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Fic. 15. Instantaneous values of temperature in a layer at
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(c)at H-y = 9.39 mm (1), 7.54 mm (2), 5.73 mm (3), 3.5 mm
(4), 1.98 mm (5) and 10.35 mm (6).

position of a heat exchanger along the height of the
bulb, it is possible to regulate the amplitude of tem-
perature fluctuation at its bottom. By varying the law
of modulation of the number of rotations it is possible
to find the optimum period of temperature fluctuation
near the growing face of the crystal. The amplitude of
temperature fluctuation near the bottom of the bulb
can also be regulated by the maximum and minimum
angular rotational speeds of the bulb and also by its
radius. By varying the above parameters it is possible
to find the optimum temperature conditions for grow-
ing monocrystals of specific substances.

For all the heights of the layer investigated (from
11.6 to 64 mm) (see Figs. 17-19) there is a region
where the change in the mean temperature over the
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FiG. 18. Distribution of the time-averaged temperatures at
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rotation), H = 22.2 mm.

height follows law (2). This indicates that in the case
of a layer of small height (Fig. 19) heat is removed
through the side generatrices of the cylinder.

The amplitude of temperature fluctuations
(Towaxs Tmn) and mean temperature T at the fixed
values of r for different distances from the bulb
bottom are presented in Figs. 20-23. The amplitude of
temperature fluctuations increases with distance from
the bulb bottom, and at H = 47.2 mm the greatest
Tax— Tmin value is observed at the height (H-y)/
ro = 1 (Fig. 21), which is commensurable with the size
of the vortex in the period of its developed flow.

When H = 22.2 mm (Fig. 22), the greatest T,,,—
T... values are observed at the height (H-y)/r, =
0.5, and for H=11.6 mm (Fig. 23) at the height
(H-y)/ro = 0.4 (r = 2.5-5.7 mm).

The maximum ascending and descending axial veloci-
ties can be assessed by assuming that temperature
fluctuations due to heat conduction are much smaller
than those due to convection. In this case, for fixed
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values of r and y, the axial velocity can be estimated
from the relation

o (eT\ (eTY
s =\ G a3,

where T is the mean temperature over the layer height
and t is the time. The value of ¢, can be calculated
approximately from the relation v, = Ay/Az, where
Ay is determined for fixed y from the function 7(})
(Figs. 20-23) and from the amplitude of temperature
fluctuations; Az is found from the analogue rep-
resentation of T'(z) corresponding to r and y (Figs. 8-
15) and is the time for which the temperature varies
from T, t0 Ty at (€T/0T)na in the region of an
increasing and decreasing temperature.

Figure 24 presents velocity variations of the
descending and ascending flows for fixed 7 (=2.5) at
the heights of working liquid layer H = 64 and 47.2
mm. The greatest absolute velocities are observed at
H-y/ry = 0.25. Figure 25 depicts variations in the vel-
ocities of the descending and ascending flows for fixed
r (=2.5 mm) at the heights of the working liquid layer
H =472, 22.2 and 11.6 mm. As the height of the
liquid layer varies from 47.2 to 22.2 and 11.6 mm, the
maximum velocity of the ascending flow decreases
from 2.5 to 0.5 and 0.33 mm s~ ', respectively; on the
other hand, the maximum velocity of the descending
flow decreases from 1.5 to 0.45 and 0.29 mm s~ ',
respectively (Fig. 25); as the height of the layer
decreases four times, the maximum velocity of the
flows falls by about a factor of 8. In the first place,
this is attributable to a decrease in the dynamic inertia
of the layer because of liquid depletion and secondly
to a decrease in the dynamic interaction between the

2%
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FiG. 21. Distribution of the maximum (1), mean (2) and

minimum (3) temperature over the height of the layer at

H=472mm. (@) r=25mm; (b) r=75mm; (c) r=13
mm.

cylinder walls and the liquid, because the area of
wetting of cylinder walls with the liquid is reduced
with a decrease in the layer height. As the height
of the liquid layer decreases, the axial temperature
gradient near the lower end face of the cylinder (grow-
ing facet) increases, thus producing stable strati-
fication and, consequently, the intensity of axial flows
at the same values of n,,, and n,,,, decreases.

Thus, with a decrease in the height of the working
layer (which models the distance from the diaphragm
of the growth furnace to crystallization front), the
axial temperature gradient and the amplitude of tem-
perature fluctuations at the bottom of the bulb
increase and the amplitude of the axial velocity and
its absolute values decrease.

The present authors used the trapezoidal law of
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F1G. 24. Maximum velocities of the descending and ascending
flows over the layer height at r = 2.5 mm. |, H = 64 mm. 2,

H =472 mm.
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FiG. 25. Maximum velocities of the descending and ascending
flows over the layer height at r = 2.5 mm. [, # = 47.2 mm.
2.H=222mm. 3, H=116mm.

variation in the rotational speed of the cylindrical
bulb (Fig. 7(a)). The characteristic times for this law
are: the time (r,) during which the rotational speed
increases linearly with time from the minimum to
maximum value ; the time (z,) during which a constant
value of the maximum speed of rotation is observed ;
the time (z) for which the rotation slows down to the
minimum speed ; the time (z;) in the course of which
the rotational speed is constant and equal to the mini-
mum. Depending on these time intervals, the intensity
of vortex flows may be different. For example, at the
greatest value of 7, the conditions are possible under
which the angular speed of rotation of the liquid and
the bulb will be the same and the vortex flow near the
bottom of the cylinder will damp. The same phenom-
enon may also occur on an increase of 7,. If the times
7, and 7, are taken to be small, the optimal (for these
conditions) intensities of vortex flow near the cylinder
end face may not be attained. At great 7, the difference

A. G. KIRDYASHKIN and V. E. DisTanov

between the angular speeds of rotation of the bulb
and liquid can be small and, consequently, there will
be a low intensity of wall flows near the cylinder end
face. On the other hand. an increase in the speed of
rotation or its stepwise decrease (1, = 0; 7; — 0) may
lead to perturbations along the cylinder generatrices
and at the lower end face (for example, a sharp
decrease in the speed of rotation may cause the
appearance of Taylor vortices near the cylinder
generatrices).

To determine the optimal parameters of modu-
lation of the rotational speed, investigations of the
system inertia were carried out and. consequently, of
the decay of vortex flows after the attainment of the
maximum and minimum speeds. In this case it is pos-
sible to estimate the level of 7, and z. at the given n,,
and n,,,.. the cylinder diameter, height of the liquid
layer and temperature drop between the cylinder end
face and the upper heated liquid layer.

The experiments were carried out as follows. The
regime of modulated rotation was set when periodic
changes of temperature attained constant amplitude
values ; as the n,,,, value was reached. it was stabilized
(nn. = const.) as long as was necessary (1, - oc) and
the change of temperature with time was fixed. The
time (t,,,.) during which the temperature attained its
constant value was found from the plots (Fig. 26) as
the instant at which the temperature deviation from
the exponential relation was fixed. The same technique
was used to determine the time -, for velocity
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F1G. 26. Dependence of the temperature (T) on time (t) at

the stabilized speed of container rotation (wg,, = const,
H=224; H-y = 6.09 mm).
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stabilization to its minimum value. The value of t,,,
was determined at r = 0 at the heights of the ethyl
alcohol layer H = 54.6 and 22.4 mm, n,,, = 135
r.p.m., Ny, = 20 r.p.m. (Figs. 27(a) and (b)). As fol-
lows from Fig. 27(a), with n,,, = const. and decreas-
ing height of the layer, 7, increases and for H = 54.6
and 22.4 mm the values of t,,, were 110 and 160 s,
respectively (H-y = 8 and 6 mm). The mean values of
Tmax Were 50 and 100 s, respectively, for H = 54.6 and
22.4 mm. At n,,, = const. the mean values 7,,,,, varied
little for these heights and 7,,,, = 75s.

The quantity 1,,,, characterizes the magnitude of
the thermal inertia of the layer, which also depends
on the hydrodynamic inertia. In the experiments con-
sidered it was impossible to determine the con-
tribution of each of them to 7,,,,..

For finding the optimal values of the ‘time shelves’
of 7, and 1, (from the viewpoint of mixing), it is
necessary to know the hydrodynamic inertia of the
process. With this method of determination of t,,,, it
is nevertheless possible to estimate the greatest values
of the quantities 7, and t,.

The method of modulated rotation of the crucible
in the process of growing single crystals from the melt
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FiG. 27. (a) Dependence of the time temperature (t,,,,) sta-
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by the Stockbarger method was applied for the first
time by the present authors [14-16] to obtain single
crystals of proustite of large diameter and high optical
quality. The speed of rotation of the crucible in the
process of growth varied by the trapezoidal law (anal-
ogous to rotational speed variation used in model
experiments). The experiments on growing proustite
monocrystals confirmed the great possibilities of the
technique for growing large optical crystals. As shown
earlier [20], the proustite monocrystals of high optical
quality with diameters above 24 mm can be grown
only at a certain intensity of melt mixing (the relative
Taylor number of Ta,, = Ta/Ta, > 0.42): as Ta,,
increases, the optical quality of the monocrystal is
improved. The optical quality of monocrystals was
estimated by the value of the absorption cocfficient in
the visible and IR parts of the spectrum and also by
optical revolutions. A direct relationship has been
found between the increase in the intensity of mixing
of proustite melt and a decrease in the absorption
coeflicients of monocrystals. Figure 28 presents the
dependence of the absorption coefficients for an ordi-
nary beam (X, (at a wavelength of 0.78 um). which
is one of the criteria of optical quality of the crystal
relative Taylor number which characterizes the inten-
sity of melt mixing. Solid lines connect the points
that have a strictly fixed composition. As the relative
Taylor number increases. the absorption coefficients
decrease. i.e. the optical quality of monocrsstals
improves. Consequently. for monocrystals of ditterent
substances grown by the Stockbarger mcthod with
application of the ACR technique, it is possible, by
using the results of model experiments, to determine
the required (for a certain diameter of the container)
regime of the speed of crucible rotation. It must be
taken into account that the quantitative estimates and
comparisons with the present experiment can be made
only if the thermophysical characteristics of the melts

»
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'. -2
—_ ®
1
g 0.4}
X N
0.2+
1 i i
0 2 2 6

Ta,e

bilization on the height of the melt (H-y) at w,,, = const.

(H = 54.6 mm: H = 22.4 mm). (b) Dependence of the time

temperature (7,,.) stabilization on the height of the melt
(H-y) at Wy, = const. (H = 54.6 mm; H = 22.4 mm).

F1G. 28. Dependence of the absorption coefficients on the

relative Taylor number (~ = 780 nm). 1, Monocrystals with

the optical resolution (¢;¢,) < 1.06. 2. Crystals with small-
angle boundaries.
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of the substances studied are known and the cor-
responding criteria of the process are considered.

CONCLUSIONS

In the case of periodic variation of centrifugal forces
in a vertical cylinder, the axis of which coincides with
the axis of its rotation, a periodic vortex flow orig-
inates near the lower rigid end face of the cylinder,
the direction of which depends on whether the speed
of cylinder rotation is accelerated or decelerated.

With heating from above and cooling near the lower
end face (in the absence of rotation), a descending
free convection boundary layer is formed along the
cylinder generatrices: in the core of the cylindrical
liquid layer the temperature varies exponentially
along the height.

With mutual effect of the thermal gravitational and
periodically varying centrifugal forces, the structure
of liquid flow near the lower end face remains intact ;
the temperature gradient near the lower end face,
while producing stable stratification of liquid, some-
what suppresses the vortex flow, thus decreasing the
greatest size of the vortex, and induces an unstable
flow in it due to the presence of the horizontal tem-
perature gradient.

In the case of a periodic law of variation in the
number of cylinder revolutions, the periodic variation
of temperature takes place throughout the entire
liquid layer. The averaged temperature in the flow
core, except for the wall boundary layers, varies just as
in the case without rotation, following the exponential
law. This indicates that the time-averaged temperature
field in the liquid is also formed under the influence
of heat gravitational flows.

As the height of the layer decreases, the temperature
amplitude increases and the velocity amplitude
decreases due to the increase in the temperature gradi-
ent and decrease in the dynamic inertia of the layer.

The flows originating under the action of a periodi-
cally varying centrifugal force can be used as a means
of controlling the mixing of a melt near the growing
face of the crystal when growing monocrystals from
melts in cylindrical bulbs by the Stockbarger method.
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Heat transfer in a vertical cylinder

HYDRODYNAMQIUE ET TRANSFERT THERMIQUE DANS UN CYLINDRE
VERTICAL EXPOSE A DES FORCES CENTRIFUGES VARIABLES
PERIODIQUEMENT (TECHNIQUE DE LA ROTATION ACCELEREE)

Résumé—On étudie les aspects thermiques et hydrodynamiques de ['écoulement liquide dans un cylindre
vertical exposé a l'effet simultané de forces thermiques gravitationnelles et de forces centrifuges variant
périodiquement. Ces derniéres sont produites par une variation périodique de la vitesse de rotation du
cylindre dont I'axe coincide avec celui de la rotation. Un écoulement vortex apparait a la base du cylindre
et sa direction dépend de la vitesse de rotation. On étudie I'hydrodynamique et le transfert thermique d'un
liquide stratifié de fagon stable et exposé aux forces centrifuges périodiquement variables. On montre qu'il
y a des changements périodiques de température dans toute la couche liquide; les valeurs des températures
et des vitesses ainsi que leurs variations sont données pour différentes hauteurs de couche liquide. On
analyse I'effet des forces variant périodiquement sur la qualité de la croissance d'un cristal. L’étude peut
intéresser les thermiciens et les spécialistes de la croissance des monocristaux.

HYDRODYNAMIK UND WARMEUBERGANG IN EINEM VERTIKALEN ZYLINDER
UNTER DEM EINFLUSS PERIODISCH VARIIERTER ZENTRIFUGALKRAFTE

Zusammenfassung—Die thermische und hydrodynamische Struktur einer Flissigkeitsstrdmung in einem
senkrechten Zylinder wird unter der Bedingung untersucht, daB gleichzeitig thermische Auftriebskrifie
und periodisch variierende Zentrifugalkrifte wirksam sind. Letztere werden durch eine periodische Vari-
ation der Rotationsgeschwindigkeit des Zylinders um seine Achse hervorgerufen. Am Boden des Zylinders
ergibt sich eine Wirbelstromung, deren Richtung von der Rotationsgeschwindigkeit abhingt. Die Flissig-
keit ist stabil {iber die Hohe geschichtet—fiir diesen Fall werden die Hydrodynamik und die Wirme-
ubertragung bei periodisch veridnderlicher Zentrifugalkraft untersucht. Es ergeben sich periodische
Temperaturschwankungen innerhalb der gesamten Fliissigkeit; die Temperaturen und Geschwindigkeiten
und deren Verdnderungen entlang der Hohe werden ermittelt. Dariiberhinaus wird der EinfluB der
periodische verdnderlichen Krifte auf das Wachstum eines Kristalls analysiert. Die vorliegende Arbeit
kann fiir Thermophysiker und Spezialisten auf dem Gebiet des Wachstums von Einkristallen interessant
sein,

rMAPOAUHAMHKA H TEIJIOOBMEH NPY NEPUOJHYECKOM U3MEHEHNHU
HEHTPOBEXHBIX CWJI B BEPTUKAJIBHOM LHHUJAUHJPE (METOQ ACRT)

Aunorams—IIpencTapieHsl HCCNENOBAaHHR TENNOBOH M THAPOAHHAMHMYECKON CTPYKTYPH TEUEHHR XHI-
KOCTH B BEPTHKAJIbHOM UHJIHHADE DK COBMCCTHOM BJIHAHHMH TCILIOBBIX IPAaBHTALHONHBIX H NEPHOIA-
YeCKH H3MEHSAIOWMXCH AeHTpoGexHbix cun. Ilocnennue co3naBaMch NEPHOMMYECKAM HIMCHCHEEM
4ncen o60pOTOB BpalleHHs BEPTHKAILHOrO IMJIHHAPA, OCh KOTOPOrO COBNANAET C OChIO BPALUCHHS.
O6HapyXeHO BHXPEBOE TCYCHHE ¥ HIDKHETO TOPNA, HAMPARJICHHE B XOTOPOM 3aBHCHT OT TOTO, YBC/THYH-
BAIOTCA HJIM YMEHBIIAIOTCA 9HCAA 06OPOTOB BpaleHHd UMTHEApa. [IpencTaBneHsl HCCIEAOBAHNA THI-
pOAHHAMHMXH M Temwioo6MeHa yCTOHYHBO CTPaTHOMUMPOBRHHOH MO BHICOTE XHAKOCTH MpH
NEPHOANHECKOM H3MeHEHHH UeHTPoGexuuix cil. TTokasaHo, YTO MEpHOMHYECKHE HIMCHCHHA TeMIMepa-
Typs HabmonaloTcs no BeeMy CJ10K0; HalileHh! AMILTMTYIHBIC 3HAYCHHS TEMIEPATYPH H CKOPOCTH H
U3MEHEHHA HX AL PA3IMYHBEIX BHICOT CJION XHIKOCTH. AHATHIHPYETCA BIHAHHE NEPHOONYECKOrO HIMe-
HEHMS CHJ1 Ha KaYeCTBO PacTyliero xpucrayuia. PaGora npencrasiser Hurepec LIS TeIIOMHU3HKOB H
CNEUNHATNCTOB N0 BLIPALLIMBAHHIO MOHOKPHCTAILIOB.

1415



