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Abstract

An experimental study was carried out here to investigate the fluctuating characteristics and stabilization of the
thermal buoyancy driven unstable water flow in vertical closed circular cylinders heated from below by rotating the
cylinder about its vertical axis. Results for the time variations of the water temperature at selected locations were
obtained for the imposed temperature difference AT ranging from 5°C to 15°C and the cavity rotation rate Q from 0 to
300 rpm for a cylinder with diameter D =5 cm, height H =10 cm and Q varying from 0 to 210 rpm for another cylinder
with D=2.5 cm and H =5 cm. Based on the data for the time records of the water temperature, the flow suppression by
the cylinder rotation causes the time-average temperature distributions along the cylinder axis for high rotation rates to
become linear. Besides, the flow can be stabilized by the cylinder rotation when the rotation rate is in certain ranges.
Significant dependence of the oscillation amplitude with the space is revealed. But the entire flow oscillates at nearly the
same frequency when the flow is time periodic. Moreover, non-monotonic variations of the oscillation frequency with
the rotation rate are clearly shown. Based on the present data, a flow regime map and correlations delineating the stable
and unstable states in the vertical rotating cylinders containing water are also provided. © 2001 Elsevier Science Ltd.

All rights reserved.

1. Introduction

The quality of the semiconductor crystals grown
from liquid melts is known to depend heavily on the
buoyancy induced transport processes in the liquid melts
particularly in the vicinity of the melt-crystal interface.
The unsteady heat transfer rate in the growing interface
resulting from the unstable temperature field, in the
form of transient fluctuating temperature in the liquid
melts, driven by the high buoyancy will cause striations
in the crystal. In addition, the non-uniform heat transfer
rate on the interface will result in a curved interface.
Control of the thermal boundary conditions on the
crucible containing the melt and use of the crucible ro-
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tation to produce a stable and uniform heat transfer rate
at the interface are most desirable. Thus, crucibles are
often rotated to suppress the thermal buoyancy induced
velocity and temperature oscillation with time in the
fluid phase and to obtain spatially uniform solidification
or deposition rate of the solid phase. But the details on
the complex flow fluctuation characteristics driven by
the simultaneous presence of the thermal buoyancy and
rotation induced Coriolis and centrifugal forces are still
poorly understood. Hence, the effects of the crucible
rotation on the thermally flow fluctuation need to be
investigated. This study intends to explore how the in-
teractions between the crucible rotation and thermal
buoyancy affect the temperature fluctuation in liquid
water contained in a crucible. The closed cylinder is
chosen as the crucible since it is used in the growth of
bulk crystals from the vertical Bridgman method [1]. In
particular, we investigate how the cylinder rotation
about its own axis affects the thermal characteristics of
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Nomenclature

Ar aspect ratio, H/D

D diameter of right cylinder

f main oscillation frequency

b second oscillation frequency

H height of cylinder

Pr Prandtl number

PSD power spectrum density

r,oQ,z dimensional coordinate systems of
cylinder

R, @, Z dimensionless coordinate systems
of cylinder, r/D, ¢, zID

Ra Rayleigh number, SgATD?/ov

Ra, lower critical Rayleigh number

Rag, upper critical Rayleigh number

Req rotational Reynolds number, QD?/v

T local temperature

Ta Taylor number, Q>D*/v?

Tu temperature of the hot wall

Ty temperature of the cold wall

Greek symbols

o thermal diffusivity

p thermal expansion coefficient

AT temperature difference between the
hot and cold walls, Ty — T,

0 dimensionless temperature,
(T-1)/ (Tu-T)

0,y non-dimensional space and
time-averaged temperature

(0—0,,)° non-dimensional space and
time-averaged energy of temperature
fluctuation

U dynamic viscosity

v kinematic viscosity

& radiant emissivity

p water density at temperature, 7'

T dimensionless time, #/(D?/c)

Q rotating rate

the buoyancy driven water flow in a bottom heated
vertical cylinder by measuring time variations of the
fluid temperature at various rotation rates.

Suitable models to approximate the buoyancy driven
convection in various vertical melt growth configura-
tions have been proposed by Miiller et al. [1]. Mean-
while, a model experiment was conducted to visualize
the water flow in a bottom heated cylinder of unit aspect
ratio for various thermal conditions covering the steady
and unsteady convection. Axisymmetric numerical sim-
ulation was carried out by Huang and Hsieh [2] and Lin
and Akins [3,4] to investigate natural convection in a
bottom heated vertical cylinder. Two different melts,
water (Pr=6.7) and gallium (Pr=0.02), have been in-
vestigated for various aspect ratios and for the Rayleigh
number up to 10%. Both experimental results and nu-
merical analysis for the onset of convection and the state
of convection flow were presented by Miiller et al. [5].
Similar analysis was performed by Neumann [6] for
steady and oscillatory convection. The limits for the
appearance of the stable axisymmetric flow were found.
The onset of the transient flow oscillation and the in-
duced oscillation frequency were also calculated. Three-
dimensional steady flow was numerically simulated by
Crespo and Bontoux [7] to investigate asymmetric
steady flow motion in a liquid layer confined in a sta-
tionary vertical circular cylinder heated from below.

Visualization of the flow of a high Prandtl fluid (sil-
icone oil with Pr=10°) in a stationary vertical cylinder
revealed axisymmetric flow at a slightly supercritical
Rayleigh number and two distinct three-dimensional
flow motions at increasing Rayleigh number [8]. Various

routes for the transition from steady laminar flow to the
unsteady chaotic flow were determined according to the
temperature fluctuation data by Rosenberger and his co-
workers [9,10] for the Xenon gas in a bottom heated
vertical cylinder. Similar experimental study was con-
ducted by Kamotani et al. [11] for gallium (Pr=0.027)
for both vertical and inclined cylinders. Based on the
transient temperature data measured on the lateral side
of the cylinder they suggested various convection flow
patterns. The non-axisymmetric convection in a vertical
directional solidification experiment in a vertical cylin-
der was ascribed to the lack of azimuthal symmetry in
the imposed temperature boundary condition by Puli-
cani et al. [12]. Modification of the interface shape to a
flat profile from the use of appropriate temperature
gradients in the vertical Bridgman growth was studied
by Feigelson and Route [13]. Kirdyashkin and Distanov
[14] found that a periodically changing rotation speed
can result in periodic temperature change throughout
the entire liquid layer. Rossby [15] examined the effects
of rotation on the Bénard convection by considering a
thin horizontal layer of fluid rotating about a vertical
axis when it is subject to uniform heating from below
and cooling from above. His study has led to more
precise description of the stability properties of Bénard
convection over a wide range of the Taylor numbers for
water (Pr=6.8) and mercury (Pr=0.025). For water
subject to the thermal Rayleigh number Ra (= fgATD?/
av) ranging from 10° to 2 x 10! and Taylor number Ta
(=Q?D*v*) from 10° to 10'2, Boubnov and Golitsyn
[16] observed a ring pattern of convection flow resulting
from the fluid spin-up and vortex interactions between
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two adjacent vortices. Axisymmetric secondary flow was
noted by Guo and Zhang [17] in a vertically rotating
cylinder heated from below even under zero gravity
condition.

Centrifugal driven thermal convection in a vertical
rotating cylinder heated from above has been considered
by Homsy and Hudson [18]. They noted that the axial
flow was strongly influenced by the horizontal Ekman
layers and gravity is seen to have at most only a local
effect on the flow near the side walls, whereas heat
transfer was considerably increased by the cylinder ro-
tation. In a further study [19], they conducted a math-
ematical analysis and revealed the effects of the side wall
and heat losses on the Nusselt numbers on the top and
bottom surfaces of the cylinder. Experiments for silicone
oil carried out by Hudson and his coworkers [20,21]
indicated that the Nusselt number increased with the
rotation rate. Pfotenhauer and Niemela [22] reported
that both the Rayleigh number associated with the
convective onset and the convection heat transfer were
found to depend on the rotation rate and aspect ratio of
the cell for liquid helium. The onset of steady natural
convection in the cylinder was shown by Buell and
Catton [23] to be sensitive to lateral thermal boundary
condition. Laminar natural convection in a fluid-filled
cylinder with different end wall temperatures was in-
vestigated in a three-dimensional numerical study by
Schneider and Straub [24]. The onset of convection in a
low Prandtl number fluid confined in a rotating vertical
cylinder heated from below was studied by Goldstein
et al. [25]. The linear stability problem was solved for
various boundary conditions.

The above literature review clearly indicates that the
detailed flow structures driven simultaneously by the
thermal buoyancy and rotation in a liquid-filled vertical
cylinder remain largely unexplored and our under-
standing on the stabilization of the natural convection
flow by the crucible rotation associated with the vertical
Bridgman growth is still poor. Thus, the detailed pro-
cesses on how the rotation affects the flow stability and
the unsteady flow characteristics need to be investigated.
Considering the difficulty in measuring and visualizing
the rotating enclosed flow, comprehensive temperature
measurements are carried out in the present study to
unravel the effects of the cylinder rotation on the flow
stabilization and to delineate the fluctuating character-
istics of the unsteady flow in a bottom heated, rotating
cylinder containing liquid water.

2. Experimental apparatus

The experimental system for measuring the thermal
characteristics in a rotating vertical cylinder filled with
distilled water schematically shown in Fig. 1 consists of
four parts, namely, a rotating frame, a test section, a
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1: test section 7: invert

2: fluid slip ring

3: rotating frame
: static frame

4
5: photo-electric tachometer  11: P.C. computer
6

8: slip ring
9: thermocouples
10: data acquisition system

: Hp induction motor 12: thermostat

Fig. 1. Schematic diagram for the experimental system.

temperature control unit and a temperature measuring
unit. Fig. 2 shows the details of the test section, a water-
filled cylinder, in the rotating assembly. The cylindrical
cavity is rotated at a constant angular speed about its
own axis.

The rotating frame is made up of a rotary table of
31.5 cm in diameter and is mounted on a steel shaft of 3
cm in diameter. The frame is designed to provide a space
of 27.6 cm in diameter and 27.3 cm in height for housing
the test section. The shaft is rotated by a 2 horse power
d.c. motor with its speed controlled by an inverter. Be-
sides, the rotating speed is detected by a photoelectric
tachometer. Care is taken to ensure that the table rotates
centrally and steadily. Two fluid sliprings are used to
allow coolants to pass from stationary thermostats to
the rotating cavity. The thermostats used are LAUDA
RK-20 compact constant temperature baths with a
temperature range from —40°C to 150°C and a resolu-
tion of 0.1°C. Care must be taken to prevent coolant
leak from the fluid sliprings and the distilled water leak
from the rotation cylinder. Through this arrangement,
the temperature uniformity of the isothermal plates can
be controlled to within +0.1°C.

For temperature measurement, thermocouple con-
nections are carefully placed in the rotating cylinders.
The thermocouples in the rotating cylinders are fixed at
designated locations by high performance fine Neoflon
threads, which are in turn fixed on the sidewall and
passed through the axis of the cylinder. Prior to instal-
lation, the thermocouples are calibrated by the LAUDA
thermostats and high precision liquid-in-glass ther-
mometers. Voltage signals from the thermocouples are
passed through a slipring to the HP 3852A data ac-
quisition system and then transmitted to a personal
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Fig. 2. Rotating assembly for vertical circular cylinder.

computer for further data processing. Data collection is
normally started when the flow already reaches steady or
statistically stable state. In view of the buoyancy driven
low speed flow encountered in the rotating cavity,
velocity measurement is difficult and is not conducted in
the study.

The test section fixed on the rotating table is a water-
filled circular cylinder of 5 cm in diameter and 10 cm in
height or 2.5 cm in diameter and 5 cm in height. The
sidewalls of the cylinders are made of 5 mm thick acrylic
plates. In order to reduce heat loss from the sidewall, the
cylinder was wrapped with superlon foam. The top and
bottom of each cylinder are made of two 2 mm thick
copper plates with 8 mm thick MEGABOND OB-101
epoxy sandwiched between them (Fig. 3). The hot and
cold walls of the cylinders consist of well-polished cop-
per plates with a small radiant emissivity ¢ (=0.006).
Their temperatures are controlled at the designated
levels by passing coolants from the constant temperature
baths through the plates and monitored by the imbed-
ded thermocouples. The sampled measured data for the
temperature of the hot and cold isothermal walls with-
out rotation at selected locations are given in Table 1 for
the large cylinder with H=10 cm and D=5 cm and for
the small cylinder with H=35 cm and D=2.5 cm.

Test was started by first setting the thermostats at
predetermined temperatures and then recirculating the
coolants through the two designated isothermal walls of
the rotating cylinder. The average value of the hot and
cold plate temperatures is adjusted to be approximately
equal to the ambient temperature so that heat loss from
the test section to the ambient can be reduced and
thermal radiation across the plates is minimized. In the
meantime, the cylinder was rotated at the predetermined
speed. Then, the temperature of the water inside the
cavity was measured at selected locations. In addition, it
is very essential to insure that the time-average variation
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Fig. 3. The coordinate system and the locations of thermo-
couples for circular cylinder with D=5 cm and H=10 cm.

of the signal from each thermocouple is below 0.1°C for
a period of at least 15 min and at this steady or statis-
tically stable state data collection is started. The period
of time required for the flow to reach the steady or
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Table 1

Temperature uniformity in isothermal walls for Q=0 of cir-
cular cylinder with (a) D=5 cm and H=10 cm and (b) D=2.5
cm and H=5 cm

Location (R, ®) T (°C) Tu (°C)
(@)

(0,0) 29.36 35.87
(0.25, 0) 29.27 35.72
(0.25,0.57) 29.30 35.74
(0.25, m) 29.26 35.77
(0.25,1.57) 29.23 35.85
(0.5,0) 29.23 35.76
(0.5,0.57) 29.25 35.74
0.5, m) 29.28 35.79
(0.5,1.57) 29.32 35.75
(b)

(0,0) 15.09 25.22
(0.25, 0) 15.01 25.24
(0.25, 0.57) 14.97 25.19
(0.25, m) 15.05 25.28
(0.25,1.57m) 15.03 25.17
(0.5,0) 14.99 25.30
(0.5, 0.57m) 15.06 25.24
0.5, m) 15.08 25.27
(0.5,1.57) 14.95 25.20

statistically stable state condition in the present exper-
iment is about 0.3D%/a.

The ranges of the governing parameters to be inves-
tigated in the study are as follows: the rotating speed
varied from 0 to 300 rpm for the large cylinder with
D=5 cm and from 0 to 210 rpm for the small cylinder
with D=2.5 cm. The top and bottom wall temperature
difference AT is fixed at 5°C, 10°C or 15°C. The results
from an uncertainty analysis of the measurement are
summarized in Table 2. Before the actual data collec-

Table 2
Summary of uncertainty analysis for cylinders
Parameters Uncertainty
D (m) +0.00025
H (m) +0.00025
Ty, Ty, (°C) +0.1 (non-rotating)
Tu, Ty (°C) +0.2 (rotating)
T (thermcouple) +0.5°C
o (m?/s) +0.01%
B (K1 +0.05%
p (kg/m?®) +0.001%
k (mW/m K) +0.01%
1 (uPa s) +0.1%
v (m?/s) +0.07%
Q (rpm) +0.3%
Pr +0.1%
Ra +2.05%
Rag +4.3%
Regq +2.025%

tion, we tested the background noise of the experimental
apparatus with AT =0°C in the cylinder and varying the
rotating speed from 0 to 120 rpm. Results indicated that
the amplitude of the temperature oscillation is less than
+0.1°C, and hence we can define that the water flow in
the cylinder is steady when the temperature oscillation is
in the order of +0.1°C.

3. Results and discussion

There are two cylinders tested in the present study
with D=2.5and 5 cm at the same aspect ratio Ar=2, as
mentioned above. Attention is mainly focused on the
axial distributions of the time-average temperature and
the change in the amplitude and frequency of the in-
stantaneous temperature oscillation with the rotation
rates at different imposed temperature differences.

3.1. Effects of rotation on time-average temperature

The dimensionless time-average water temperature
variations with the axial coordinate Z(= z/D) along the
cylinder axis were measured first at different rotation
rates  and temperature differences AT. The coordinate
system is chosen to rotate with the cavity with its origin
located at the geometric center of the cavity, as indicated
in Fig. 3. The locations of the thermocouples are also
indicated in the figure. Typical data from this test for the
large cylinder with D=5 cm are exemplified in Fig. 4 for
AT=5°C at increasing Q. The corresponding thermal
Rayleigh number Ra for these cases is 1.02 x 107. It is
noted from these data that in a non-rotating cylinder
(2=0) large vertical temperature gradients exist in the
regions near the top and bottom of the cavity due to the
presence of thermal boundary layers there (Fig. 4).
Outside these thermal boundary layers in the cavity core
the flow is nearly isothermal. Similar situation is noted
at low rotating rates of Q=20, 40, 60 rpm. This unique
temperature distribution at a low Q is considered to
result from the dominated thermal buoyancy driven
boundary layer flow in the cylinder at this high thermal
Rayleigh number. As the cylinder rotates at higher
speeds of 90 and 120 rpm, the temperature gradients
near the horizontal plates are significantly reduced and
in the cylinder core the temperature varies almost lin-
early in the vertical direction. This trend continues as the
rotation rate is further raised. For Q > 180 rpm almost
no thermal boundary layer exists in the cavity and the
water temperature varies nearly linearly from the hot
bottom plate to the cold top plate. This conduction-like
temperature distribution is conjectured to result from
the suppression of the thermal buoyancy driven flow by
the Coriolis force associated with the cavity rotation, as
noted in a previous numerical simulation for convection
in a rotating cubic air cavity by Lee and Lin [26]. Similar
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Fig. 4. Non-dimensional time-average temperature distribution
along Z-axis for a vertical circular cylinder with D=5 cm and
H=10 cm at AT=5°C (Ra = 1.02 x 107) for different rotation
rates for (a) 0-120 rpm and (b) 150-300 rpm.

trend was noted for AT =10°C and 15°C. It is also noted
that for a larger temperature difference AT across the
horizontal plates a higher rotation rate is required to
suppress the thermal buoyancy driven flow. Similar
trend was found for the axial variation of the time-av-
erage temperature in the small cylinder with D=2.5 cm.

3.2. Rotation induced flow stabilization

The rotation induced flow transition among the
steady and time dependent states in the bottom heated
cylinder is then investigated by examining the time
variations of the measured instantaneous water tem-
perature at selected locations in the cavity. Only the long
time results are studied at which the temperature already
reaches steady or statistically stable state.

The temporal stability of the water flow affected by
the cylinder rotation is illustrated by the measured
temperature data at location (R,®,Z) = (0,0,0) for
AT=5°C (Ra = 1.02 x 107) shown in Fig. 5 for the large
cylinder. Since only the data at the statistically stable
state are recorded, the dimensionless time (#/(D?/a)) =0

stands for a certain arbitrary time instant at that state.
The results at various rotation rates manifest that at
Q=0 the flow oscillates chaotically in time with the
amplitude of the temperature oscillation being larger
than 0.1 in a dimensionless unit or larger than 0.5°C
dimensionally. At slightly higher Q of 20 and 40 rpm the
flow also oscillates irregularly but in slightly larger am-
plitude and slower pace. For a rise of Q to 60 rpm, the
temperature oscillation is significantly reduced. But the
flow is not completely stabilized. A small increase of Q
to 90 rpm causes the flow to oscillate periodically in
time. Note that at Q=90 rpm the oscillation amplitude
is all below 0.025 in a dimensionless temperature unit or
less than 0.15°C dimensionally. This amplitude of the
oscillation is of the same order as the background noise
always existing in the test apparatus and the flow can be
regarded as steady. Thus, the flow experiences a reverse
Hopf bifurcation, a transition from a periodic to a
steady state. A further raise of Q to 120, 150 and 180
rpm results in even lower oscillation amplitudes. Obvi-
ously, the flow can be considered as steady. As Q is
raised over 210 rpm the oscillation amplitude grows
noticeably with the rotation rate. Specifically, at 2 =210
rpm the oscillation amplitude is 0.25°C and the tem-
perature oscillation is intermittent with the high fre-
quency wave packets superimposed on a low frequency
small amplitude cycle. For higher Q of 240, 270 and 300
rpm, the flow is in large amplitude periodic or quasi-
periodic oscillation. The above results for AT=5°C at
various Q clearly suggest that the cavity rotation intro-
duces a non-monotonic change in the oscillation am-
plitude at increasing rotation rate. More importantly, a
finite range of rotation rate exists for the axial cylinder
rotation to effectively stabilize the thermal buoyancy
driven unstable water flow.

When the large cylinder is subject to a much larger
temperature difference of AT=10°C (Ra = 2.04 x 107)
the thermal buoyancy is so high that the induced flow is
in a large amplitude chaotic oscillation when the cylin-
der is non-rotating. Increases of Q from 0 to 20, 40, 60,
and 90 rpm do not stabilize the flow to any noticeable
degree. At a slightly higher Q of 120 rpm the flow is in
fact steady at the location (0, 0, 0). It is of interest to note
from the data for other detection points that the flow is
in a small amplitude oscillation only at the location
(0,0,0) for =120 rpm. In fact, the flow was chaotic at
the other locations. The spatial dependence of the flow
oscillation will be examined later. Substantial reduction
in the oscillation amplitude occurs when Q is raised to
150, 165 and 180 rpm. The oscillation amplitudes are all
about 0.018 dimensionlessly or 0.18°C dimensionally,
which is of the same order as the background distur-
bances. Hence, the flow can be regarded as steady. This
clearly shows the flow stabilization by the cavity rota-
tion when the rotation rate ranges from 150 to 180 rpm.
At an even higher Q of 210 rpm or over, the flow os-
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Fig. 5. Measured time records of water temperature for vertical circular cylinder with D=5 cm and H=10 cm at location
(R, @, Z)=(0, 0, 0) for various rotation rates at AT=>5°C (Ra = 1.02 x 107).

cillates periodically or quasi-periodically in a noticeable
degree as that for AT =5°C. Similar trend can be found
for the rotation induced flow stability for a higher
thermal buoyancy at AT=15°C (Ra = 3.06 x 107). The
results suggest that for Q ranging from 0 to 90 rpm the
flow is in chaotic oscillation. The thermal buoyancy here
is so high that the induced flow oscillation is stronger
than those for AT=5°C and 10°C as the cavity is at a
low rotation rate. But at Q =120, 150 and 180 rpm, the
temperature oscillation is rather small and the flow is
steady at the location (0, 0, 0).

The temporal stability of the water flow in the small
cylinder is somewhat different. The measured data for
AT=5°C (Ra = 1.28 x 10°) indicated that at Q=0 rpm
the flow is in a very small amplitude oscillation and can
be regarded as steady. Similar flow condition was found
at Q=20 rpm. As the cylinder was rotated at 40 rpm, the
flow was in a larger amplitude, low frequency time pe-
riodic oscillation (f; =0.0018). Thus, the flow experi-
enced a Hopf bifurcation, a transition from a steady to a
time periodic state, for a raise of Q from 20 to 40 rpm. A
small increase of Q to 60 rpm caused the flow to oscillate
in an even smaller frequency but still in higher amplitude.
It was of interest to note that for further increases of Q to
90 and 120 rpm the flow was stabilized and became
steady. Therefore, a reverse Hopf bifurcation occurred
for Q raising from 60 to 90 rpm. At a higher Q of 150 rpm
the flow exhibited a discernible low frequency high am-

plitude oscillation with a very small amplitude high fre-
quency oscillation superimposed on it. At slightly higher
rotation rates of 180 and 210 rpm the high frequency
component grew slightly in amplitude.

When the small cylinder is subject to a much larger
temperature difference of AT=10°C (Ra = 2.55 x 10°)
the thermal buoyancy is so high that the induced flow is
in a large amplitude chaotic oscillation as the cavity is
stationary (Q2=0), as clear from the data in Fig. 6. At
slightly higher rotation rates of 20 and 40 rpm the
chaotic flow is in a larger amplitude oscillation. Note
that the flow becomes time periodic and oscillates slowly
but in larger amplitude when the cylinder rotates at 60
rpm (f; =0.0013). Substantial reduction in the oscilla-
tion amplitude occurs when Q is raised to 90, 120 and
150 rpm. More specifically, the oscillation amplitude is
less than 0.2°C dimensionally, which is of the same order
as the background disturbances. Hence, the flow can be
regarded as steady. This clearly shows the flow stabil-
ization by the cavity rotation when the rotation rate
ranges from 90 to 150 rpm. When the rotation rate
continues to increase from 150 to 180 and 210 rpm, the
flow undergoes a transition from a steady to a time
periodic state. The flow is dominated by a low frequency
high amplitude oscillation. Similar trend can be found
for the effects of the cylinder rotation on the flow sta-
bility for a higher thermal buoyancy at AT=15°C
(Ra = 3.83 x 10°). For AT =15°C, the stronger thermal
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Fig. 6. Measured time records of water temperature for vertical circular cylinder with D=2.5 cm and H=5 cm at location
(R, ®, Z)=(0.25, 0, 0.25) for various rotation rates at AT=10°C (Ra = 2.55 x 10°).

buoyancy induced flow is in a larger amplitude chaotic
oscillation at Q=0 and 20 rpm. At a higher Q of 40 rpm
the flow exhibits a time periodic, high frequency oscil-
lation. However, a large reduction in the oscillation
frequency ensues for a rise of 2 to 60 and 90 rpm but the
oscillation amplitude is larger. The oscillation amplitude
decays significantly but the oscillation frequency in-
creases substantially for a small rise of Q to 120 rpm. As
Qis at 150 and 180 rpm the flow is in fact steady. As the
cylinder is rotated at 210 rpm the flow experiences a
transition from a steady to a time periodic state.

The spatial dependence of the temperature oscillation
is examined next. Typical data to illustrate this depen-
dence are shown in Fig. 7 by displaying the time his-
tories of the water temperature at six selected locations
in the large cylinder at Q=165 and 270 rpm for
AT=10°C. These results clearly show that substantial
change in the oscillation amplitude with the location

does exist. Note that at Q=165 rpm the oscillation
amplitude is the smallest at the geometric center of the
cylinder when compared with those at the other selected
locations. But the reverse is the case for @ =270 rpm. In
spite of the large spatial change in the oscillation am-
plitude, the flow at all the detected locations oscillates at
nearly the same frequency when the flow is time per-
iodic. The data for the small cylinder resemble those for
the large cylinder discussed above.

3.3. Frequency content of flow oscillation

To further illustrate the characteristics of the flow
oscillation, the power spectrum densities (PSDs) of the
measured time histories for the time periodic and quasi-
periodic cases were obtained by a fast Fourier transform
analysis. The results from this analysis shown in Fig. 8
for AT=5°C, 10°C and 15°C at location (R, @, Z)=
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Fig. 7. Measured time histories of water temperature at various locations for AT=10°C (Ra = 2.04 x 107) for (a) Q=165 rpm
(Req = 4.49 x 10*) and (b) Q=270 rpm (Req = 7.34 x 10*) for vertical circular cylinder with D=5 ¢m and H= 10 cm.

(0, 0, 0) in the large cylinder for various rotation rates
indicate that the effects of the thermal buoyancy (tem-
perature difference) on the oscillation frequency are
small, as evident from the comparison of the corre-
sponding plots at the same  for different AT. However,
the change in the oscillation amplitude (the value of
PSD) with the temperature difference and rotation rate
is noticeable. Examining the results in Fig. 8(a) for
AT =5°C discloses that at Q=180 rpm a distinct fre-
quency peak exists. For a slightly higher Q of 210 rpm
the oscillation frequency is much higher. However, a
large drop in the oscillation frequency ensues for a rise
of Q to 240 rpm, followed by an increase in the fre-
quency for further rises of Q to 270 and 300 rpm. Fur-
thermore, a close inspection of the plots in Fig. 8(a)
reveals that another frequency peak also exists in each
plot, which is rather low and coincides almost with the
vertical axis. Thus, the flow is actually quasi-periodic.
The above results from the PSD analysis clearly indicate
that in the rotating cylinder the temperature oscillation
is mainly dominated by a single frequency when the flow
is time periodic or quasi-periodic. Similar characteristics
in the change of the dominant oscillation frequency with
the rotation rate for higher AT are noted in Figs. 8(b)
and (c). Sampled results of the main oscillation frequency
fi for the time periodic cases and the first and second
fundamental frequencies f; and f; for the quasi-periodic
cases along with the flow condition at statistical state are
given in Table 3 for the large and small cylinders.

It is of interest to compare the above data for water
in the rotating cylinder with those for air in our previous
study [27] for D=5 cm. Based on the thermal diffusion
time D?*/o for water and air, the non-dimensional oscil-
lation frequency in the water cavity is much higher than
that in the air.

3.4. Energy of temperature oscillation

An overall characteristic of the flow stabilization by
the axial cylinder rotation can be conveniently ex-
pressed by the temporal-spatial average energy of the
dimensionless water temperature fluctuation (6 — 0,,)°.
The quantity 6,, is based on the simultaneous average
of the instantaneous temperature in time and in all
detected locations. Typical results for the average en-
ergy of the temperature fluctuation in the large cylinder
at various rotation rates are shown in Fig. 9 for
AT=5°C, 10°C and 15°C. The effects of the cavity ro-
tation on the flow stability can be clearly seen from
these results. In the range of the stable region the fluc-
tuation energy is small. Similar results were obtained for
the small cylinder.

3.5. Correlations for stable regions
Based on the data from the present investigation for

the two cylinders, the critical Rayleigh numbers Ra
and Ra,, for the existence of the main stable flow region
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Fig. 8. PSDs of water temperature for vertical circular cylinder with D=5 cm and H= 10 cm at location (R, @, Z)=(0, 0, 0) for
various rotation rates at (a) AT=5°C (Ra = 1.02 x 107), (b) AT=10°C (Ra = 2.04 x 107) and (c) AT=15°C (Ra = 3.06 x 107).

in the cylinders can be correlated with the rotation Fig. 10 compares the above correlations with the present
Reynolds number Req (Regp = QD*/v). data.

The lower critical Rayleigh number Ra,
logRac = 5.34 + 1.52 x 107" (Reg) — 4.92 x 107> (Req)’ 4. Concluding remarks

+5.38 x 107 (Req)’,
6 < (Req x 107%) < 50.
The upper critical Rayleigh number Rac,

The fluctuating characteristics of the buoyancy
driven unstable water flow in closed cylinders affected by
the axial cylinder rotation were investigated exper-
imentally by transient temperature measurement in the

_ -3 _ —4 2
logRac =6.21+3.596 x 107 (Req) — 1.135 x 107" (Req)", present study. The results were obtained for the thermal

6< (Reg x 1073) < 40.

Rayleigh number ranging from 1.02 x 107 to 3.06 x 107
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Table 3
Summary of flow characteristics for cylinders with (a) D=5 cm and H=10 cm and (b) D=2.5 cm and H=35 cm
Rotation AT=5°C AT=10°C AT=15°C
rate (rpm)  pjoy I I Flow I I Flow I 5
condition condition condition
(a)

0 Chaotic - - Chaotic - - Chaotic - -
20 Chaotic - - Chaotic - - Chaotic - -
40 Chaotic - - Chaotic - - Chaotic - -
60 Chaotic - - Chaotic - - Chaotic - -
90 Steady - - Chaotic - - Chaotic - -

120 Steady - - Chaotic - - Chaotic - -
150 Steady - - Steady - - Steady - -
165 - - - Steady - - - -
180 Periodic 0.2028 - Steady - - Periodic 0.208 -
210 Periodic 0.6927 - Periodic 0.7603 - Periodic 0.691 -
240 Periodic 0.2197 - Periodic 0.1986 - Periodic 0.1933 -
270 Periodic 0.3151 - Periodic 0.2922 - Periodic 0.324 -
300 Periodic 0.6102 - Periodic 0.5941 - - -
(b)

0 Steady - - Chaotic - - Chaotic - -
20 Steady - - Chaotic - - Chaotic - -
40 Periodic 0.0018 - Chaotic - - Periodic 0.0436 0.083
60 Periodic 0.0009 - Periodic 0.0013 - Periodic 0.0013 -

90 Steady - - Steady - - Periodic 0.0021 -
120 Steady - - Steady - - Periodic 0.0106 -
150 Periodic 0.001 0.308 Steady - - Steady - -
180 Periodic 0.0012 0.198 Periodic 0.0014 0.203 Steady - -
210 Periodic 0.0006 0.695 Periodic 0.0011 0.748 Periodic 0.0022 0.748

X 10° 8.00

10000.00 3 o Ar=sC 1 log Ra=6.21+3.586x10% (Rea )-1.135X10* (Ren )?

3 Py At=10c o o o ) o o
] o) i # AT=15C T o o e o 0 o o o o
4 =
1000.00 — o z lOg Rﬁzoo LO o o o ° o o
3 o & o log Ra=5.34+1.52x10" (Rea)4.92x10"(Rea)+5.38x10° (Rea )’
(G—GEV) Zi A o o] 0 oo./
° ®d00 o stable flow
100.00 —g o % o . R A - o unstable flow
] a b % & 6.00 T T T T T T T T X 108
1 a * 0.00 20.00 4000 60.00 80.00
1000 ; | T ] . 1 Re,
0.00 100.00 200.00 300.00
Q(rpm) Fig. 10. Flow regime map and correlations for upper and lower

Fig. 9. The average energy of non-dimensional fluctuating
temperature for the large vertical circular cylinder with D=5
cm and H=10 cm for various rotation rates and temperature
differences.

and rotational Reynolds number from 0 to 8.16 x 10*
for the cylinder with D =5 cm and the thermal Rayleigh
number from 1.28 x 10° to 3.83 x 10° and rotational
Reynolds number from 0 to 1.43 x 10* for another cyl-
inder with D =2.5 cm for Ar = 2. The major conclusions
from this study suggest that the flow suppression by the

critical Rayleigh numbers for stable flow region.

cylinder rotation causes the time-average temperature
distributions along the cylinder axis for high rotation
rates to become linear. In addition, a finite range of the
rotation rate exists for the thermal buoyancy driven
unstable water flow to be stabilized. In spite of the large
change in the oscillation amplitude in the space, the flow
at all detected locations oscillates at almost the same
frequency for the time periodic cases. The corresponding
temperature oscillation is mainly dominated by a
single fundamental frequency for each case. Besides, the



930 C.P. Yin et al. | International Journal of Heat and Mass Transfer 44 (2001) 919-930

variation of the dominant frequency with the rotation
rate is non-monotonic.
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