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Abstract

Experimental investigations are made to study the double-diffusive convection phenomena of a stably-stratified salt-
water solution due to lateral heating in a stationary and rotating annulus. The primary objective of this study is to
obtain the basic information on the nature of natural convection with time with various parametric conditions such as
rotating velocity, temperature and concentration gradients. The experiments cover the ranges of Ar = 2.0, Le = 100,
Ra, = 1.57x 10-3.09 x 10°, and Ta = 0-1.20 x 10”. In the stationary annulus, four distinct flow regimes are observed
depending on the effective Rayleigh number Ra,: (i) stagnant flow regime, (ii) partially-formed layer flow regime, (iii)
fully-formed layer flow regime, and (iv) unicell flow regime. In the rotating annulus, only fully-formed layer flow regime
is observed. The temperature profile has usual inverse ‘S’ shape and the concentration profile is uniform in each layer
due to the convective mixing both in the stationary and in the rotating cases. At the interface between adjacent layers,
the temperature changes smoothly while the concentration changes rapidly. As the Taylor number (the effect of rotation)
increases, the generation of rolls at the hot wall is inhibited and the formation and merging processes of layers are
delayed at the given Ra,. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature

Ar aspect ratio, H/L

AC concentration difference

D diffusivity of salt

g gravitational acceleration

H height of the annulus

L width of the annulus

Le Lewis number, o/D

rradial coordinate

Rag solutal Rayleigh number [gB;ACH?/Dv]
Ra; thermal Rayleigh number [gBATH? /o]
Ra, effective Rayleigh number [gBATH? jav]
t time

Ta Taylor number [4Q*H*/v*]

AT temperature difference

z axial coordinate.

* Corresponding author. Tel.: 00 822 361 2816; fax: 00 8§22
3129592

Greek symbols

o thermal diffusivity

f thermal expansion coefficient

PBs solutal expansion coefficient

n reference height [— SAT/f4(dC/dz),]
v kinematic viscosity.

Q angular velocity.

1. Introduction

Natural convection due to the simultaneous buoyancy
forces with different diffusivities is called as double-
diffusive convection. Double-diffusive convection fre-
quently occurs in seawater flow and mantle flow in the
earth’s crust, as well as in many engineering applications
such as solar ponds, liquid gas storages, transpiration
cooling, crystal growth and metal solidification processes
[1-4]. Double-diffusive convection has been a research
topic of many researchers as its application fields are
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expanded. As remarkable progresses in electronics and
semiconductor industries require the development of
crystal growth technology for high quality crystal manu-
facture, double diffusive convection is being studied more
vigorously.

Double-diffusive convection establishes particular
phenomena such as layered structures. Early works were
performed for vertical temperature and concentration
gradients to explain some unusual oceanographical
phenomena [5]. Later investigations considered initially
solute-stratified fluids that were heated or cooled from
vertical enclosure walls [6-12]. The formation, inter-
action, and merging of convective layers were observed
due to the significant difference in diffusivities of heat
and mass. Recently, double diffusion induced by sim-
ultaneously imposed horizontal temperature and con-
centration differences has been considered [13-16]. Most
recently, mechanisms responsible for high frequency
oscillatory double-diffusive convection have been dis-
cussed [17-19].

In the case of lateral heating of an initially solute-
stratified fluid, Chen et al. [6] suggested a characteristic
length # according to the applied temperature and con-
centration gradients correlations. Depending on the Ray-
leigh number, Ra, based on the suggested characteristic
length n, two classified flow regimes such as subcritical
and supercritical flow regimes were defined and studied.
In the experimental and numerical studies by Lee et al.
[8, 9], flow structure was divided into four distinct flow
regimes depending on the buoyancy force ratios and good
results were obtained for wider variable ranges. Bergman
and Ungan [10] revealed the merging process of adjacent
layers by flow visualization using floating material.

As mentioned previously, double-diffusive convection
researches related to natural phenomena and transport
phenomena of engineering applications were performed
recently, but most of the existing studies were focused on
flow phenomena in a stationary enclosed cavity.
However, the effect of rotation often plays an important
role in many transport processes such as atmospheric
and oceanic flow, melting and solidification in a rotating
furnace, and crystal growth by Czochralski method. In
many practical engineering applications of materials pro-
cessing, the entire system rotates steadily about a vertical
axis. Among the researches which consider the effect of
rotation, Barcilon and Pedlosky [20] observed that the
effect of Ekman layer was reduced in a stably stratified
fluid with the effect of rotation. A stability condition for
a linear equation depending on the Taylor and Rayleigh
numbers was suggested by Veronis [21] through the ana-
lytical study on the Benard convection of a rotating fluid
between free boundaries. Hyun et al. [22] revealed that
circumferential velocity gradient and horizontal density
gradient were in balance in the core region with the effect
of rotation. Lee et al. [23] investigated the double-diffus-
ive convection phenomena due to heating from below in

a rotating cylinder. Although the effect of rotation plays
an important role in flow fields, most of the existing
studies deal with a stationary system or single-diffusive
convection in a rotating system due to either temperature
or concentration gradient. Present work is motivated by
such scarcity of work on double-diffusive convection in
a rotating system, which should be acquired for natural
phenomena and engineering applications.

In this paper, to get an understanding of the mixed
effect of rotation and double-diffusion on flow fields, flow
phenomena arising from lateral heating of an initially
solute-stratified liquid in a stationary and rotating annu-
lus are studied experimentally. Results are given and dis-
cussed for flow patterns and characteristics of tem-
perature and concentration distributions with the
variation of Ta and Ra,, which is based on rotating vel-
ocity and temperature and concentration gradients,
respectively. Particular attention is given to the flow
regime where multi-layers are present.

2. Experimental system

The experimental apparatus consists of main and
auxiliary part which provides rotation to the main part,
and is shown in Fig. 1 schematically. The test section
consists of a vertical transparent acrylic annulus enclos-
ure to observe flow fields, and two reservoirs attached to
the inner and outer vertical walls of the annulus to main-
tain constant but different temperatures at the vertical
walls. Test fluid is filled in the observable annulus
between the inner and outer cylinder, and each vertical
wall of the annulus is maintained at constant but different
temperature by circulating cold water through the inner
cylinder and hot water through the outer cylinder.

The inner cylinder and test annulus are made of pyrex
for flow visualization. The outer diameter of the inner
cylinder is 30 mm x 1.2 mm thick and 80 mm high, and
the inner diameter of the test annulus is 110 mm x 3 mm
thick and 80 mm high. The top and bottom of the test
section are made of 35 mm thick acrylic plate to satisfy
adiabatic condition. Auxiliary experimental apparatus is
composed of a driving part to provide rotation and a
rotating table on which the test section, two constant
temperature baths, a computer, a thermocouple feed
mechanism, and an A/D converter are placed. The driv-
ing part which rotates the circular table consists of a
motor, V-belt, decelerator, timing belt, and inverter. The
rotating rate of the table is controlled from 3 to 60 rpm
by an inverter, and a power slip ring is installed on a
rotating axis to supply electrical power which is needed
for the components on the table.

Initially the annulus is filled with a salt-water solution
using the standard step method with 30 steps to establish
the desired initial salinity profiles. It takes about two
hours to have a linear concentration profile by diffusion
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Fig. 1. View of the total experimental apparatus.

in the test section. To avoid mixing of the solution, the
bottom wall is heated after the system is spun up.

To measure temperatures in the annulus, ther-
mocouples installed at L/4, 2L/4, and 3L/4 locations are
made to move vertically with a programmable stepping
motor, and are connected to a 16 bit A/D converter via
a pre-amplifier. This yields a resolution of 0.05°C. The
thermocouples move through the solution with a speed
of 20 mm/s and data are acquired at 1 kHz. Temperature
distributions at 5 mm intervals are measured during
rotation. The sample extraction method is used to
measure concentration. A minute amount of solution is
extracted through the holes which have been made at 7.3
mm intervals on the vertical wall of the annulus, and its
refractive indices are read through a refractometer. This
procedure is repeated several times, and the average

refractive index is then converted into the concentration
by a conversion chart. The deviation of the refractive
indices are about +2%. During the initial stage of cell
formation measurements of temperature and con-
centration are very difficult because flow pattern changes
at a short time interval and the thicknesses of layers are
small. Therefore, temperatures and concentrations are
measured after layers are formed comparatively stably in
the test annulus. A shadowgraph technique is used to
observe flow fields in the annulus by flow visualization.
The annulus is illuminated by passing a 10 mW He—Ne
laser beam through a spatial filter assembly and the image
picture is taken by a camera.

The ranges of the parameters covered in the present
experiments are AT =1.0-11.9°C, AC =56 wt%,
Q = 0-10 rpm. The corresponding nondimensional par-
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ameters range as Ra; = 1.51x107-1.89 x 108,
Rag = 1.40 x 10°-1.60 x 10°, Ra, = 1.57 x 10>-3.09 x 10°
and Ta = 0-1.20 x 107. In the results, data at three values
of Ra, are discussed. Ra, = 2.53x 10 corresponds to
Ra; =3.04x10" (AT =2.1°C) and Ras=1.51x10
(AC=5 wt%), Ra,=4.14x10°> corresponds to
Ra;=6.17x10" (AT =4.2°C) and Rag=1.52x10’
(AC =35 wt%), and Ra, =2.01x10° corresponds to
Ra; =1.56x10° (AT =12.1°C) and Ras= 1.44x10°
(AC = 5 wt%). Also, Ta = 3.01 x 10° and 1.20 x 10 cor-
responds to Q = 5 and 10 rpm, respectively.

3. Results and discussion
3.1. Stationary system

As is observed by Lee et al. [9] in the case of the
rectangular cavity, four distinct flow regimes are
observed depending on Ra, in the stationary annulus;
(i) stagnant flow regime, (ii) partially-formed layer flow
regime, (iii) fully-formed layer flow regime, and (iv)
unicell flow regime. The representative flow patterns for
cach flow regime are shown in Fig. 2, which are quali-
tatively similar to those in the rectangular cavity.

The stagnant flow regime shown in Fig. 2(a) is formed
when Ra, is small. No fluid motion occurs at all because
the thermal buoyancy originated from the temperature
difference at the hot wall is not enough to overcome the
stable concentration stratification. Compared with the
natural convection due to temperature difference only
between the vertical walls, the flow should occur at a
higher temperature difference due to the suppressing
stable solutal stratification. Fig. 2(b) shows partially-
formed layer flow regime. As temperature difference
between the vertical walls increases (Ra, increases), rolls
develop near the top and bottom regions and expand to
the cold wall to form a layered flow structure, while the
fluid at the middle region of the enclosure still remains
stagnant. As the temperature difference between the ver-
tical walls increases more than that of the partially-
formed layer flow regime, rolls generate at the upper and
lower regions of the hot vertical wall initially expanding
to the opposite wall. In the mean time several rolls gen-
erate successively above and below the initial rolls, which
also expand to the cold wall finally forming a multi-
cellular layered flow pattern. This layer-forming process
continues until the layered flow structure fills the whole
enclosure. This flow regime is called fully-formed layer
flow regime and is shown in Fig. 2(c). This flow regime
qualitatively agrees well with the existing works [6, 8].
When Ra, increases much larger, thermal convection
dominates and stratification due to the concentration
distribution becomes negligible. In this case unicell flow
regime appears as shown in Fig. 2(d), which looks like

the flow pattern of natural convection due to temperature
difference only.

Figure 3 shows the change of flow fields with time by
flow visualization using shadowgraph technique for the
representative case of Ra, =2.01x10° in the fully
formed layer flow regime. At ¢t = 10 min. after the exper-
iment, layers are generated successively near the upper
and lower regions of the vertical wall and 13 layers are
generated in the entire enclosure. As time passes, by the
merging process of adjacent layers, the number of layers
reduces to 5 layers at 2 h, 3 layers at 7 h, and 2 layers at
17 h. The initial thickness of layer depends on the relative
strength of thermal buoyancy and solutal stratification.
The lower Ra, is, the smaller growth height of the layer
is since the thermal buoyancy induced rising height of
the adjacent fluid at the heated wall is small when the
temperature gradient is small compared with the initial
stable concentration gradient. Therefore the number of
initial cells increases as Ra, decreases. Since all the layered
flow rotates in the same sense (here counterclock-wise),
the upper (hotter) or lower (colder) part of each layer
flow contacts with the lower (colder) or upper (hotter)
part of the adjacent layer flow. Through this contact, the
hotter part of each layer becomes less hot as it approaches
the cold wall while the colder part of adjacent layer less
cold when it approaches the hot wall. This causes the
interfaces of each layer to skew slightly upwards when
moving from cold wall to hot wall or vice versa.

After a layered-flow structure is formed completely,
adjacent cells begin to merge with time as stated
previously. The merging of adjacent layers tends to occur
at the layer neighboring the comparatively thin layer in
the enclosure. The merging of adjacent layers continues,
and two layers are observed to exist in the enclosure
after 17 h. Since the remaining two layers are thick and
concentration difference between two layers is large, it
would take a long time for the two layers to merge by
very slow concentration diffusion. The interface between
two layers moves either upwards or downwards slightly
at 24 h after the experiment starts. Even though the global
flow structure in the enclosure were not observed after
long time (after 24 h), it is expected from the tendency of
evolution of flow structure with time that unicell flow
would finally exist in the enclosure. Time to reach unicell
flow will be taken much longer as Ra, decreases, because
all the evolution process of flow structure proceeds much
more slowly due to the reduced intensity of the thermally
induced convection.

3.2. Rotating system

In this experiment, flow fields with and without
rotation at the same Ra, in fully-formed layer flow regime
are observed and compared to see the effect of rotation.
Figure 4 shows flow fields with time by shadowgraph
technique at Ra, = 2.01 x 10° and Ta = 3.01 x 10°. When
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Fig. 2. Global flow patterns in the annulus for the stationary case (a) stagnant flow regime, (b) partially-formed layer flow regime, (c)

fully-formed layer flow regime, (d) unicell flow regime.

flow fields are compared with those of the stationary case
at the same Ra, (Fig. 3), the mechanism of formation of
rolls, developing to layered flow pattern, and merging of
layers with rotation is the same as that without rotation.
However, the progress of the whole process such as roll
initiation and layer formation is slower due to the
reduction of radial velocity by the Coriolis effect of

rotation. The growth height of a roll is the same at both
cases as it is determined by the ratio of thermal buoyancy
to initial solutal stratification regardless of the effect of
rotation, but the generation and development of rolls are
suppressed due to the reduction of radial velocity by the
effect of rotation.

When the number of layers with time is examined,
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(b) Zhours

(c) 7hours (d) 17hours

Fig. 3. Shadowgraphs of layer formation with time; Ra, = 2.01 x 10°, Ta = 0.

(b) Zhours

there are 8 layers at 2 h, 5 layers at 7 h, and 3 layers at
17 h in the case of Ta = 3.01 x 10° while there are 5, 3,
and 2 layers, respectively in the case of stationary system
as shown in Fig. 3. This proves the delay of layered-
structure formation due to the effect of rotation. Due to
the reduced layer formation, the time of contact between
hotter and colder layered flow is prolonged resulting in a
little more inclination of interface between layers.
Though it is not clear from comparison between Fig. 3
and Fig. 4, it could be seen that the interface inclines just
a little bit more upwards toward hot wall in the rotation
case. In addition, when Fig. 4(a) is compared with Fig.

(c) Thours (d) 17hours

Fig. 4. Shadowgraphs of layer formation with time; Ra, = 2.01 x 10°, Ta = 3.01 x 10°.

3(a), it is established that due to suppression of layer
formation by rotation, layers in the former are not
formed completely at the cold wall region while layers
are formed completely at about 10 min in the latter. This
trend becomes more clear when the effect of rotation
increases as shown in Fig. 5.

Figure 5 shows flow fields with time at Ta = 1.20 x 10”.
When it is compared with Fig. 4 (Ta = 3.01 x 10°), from
the number of remaining layers with time, the effect of
increased rotation on the formation and evolution of
layered-flow structure can be seen. Due to the increased
effect of the Coriolis effect as the effect of rotation
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(b) Zhours

(c) Thours (d) 17hours

Fig. 5. Shadowgraphs of layer formation with time; Ra, = 2.01 x 10°, Ta = 1.20 x 10”.

increases, the strength of flow inside each layer is more
weakened and the formation and merging of layered flow
structure is suppressed. At 17 h after the experiment, as
mentioned previously, while the interface between cells
which are merged into one moves upwards slightly in the
stationary case (Fig. 3(d)), layers are on the process of
merging into two from three at Ta = 3.01 x 10° (Fig.
4(d)) and into four from five at Ta = 1.20 x 107 (Fig.
5(d)). The interface between layers inclines a little bit
more at Ta = 1.20 x 10”. When Ra, increases at the same
rotation speed, due to the increased strength of thermally
driven flow at the hot wall, the number of rolls initially
generated reduces and global flow evolution processes
such as developing to layered flow structure and merging
of layers are accelerated. It is expected that after a long
time the rotating system will also have unicell flow regime
due to concentration diffusion as in the stationary system.

3.3. Temperature and concentration distributions

Temperature and concentration distributions in the
annulus are classified distinctly for each flow regime, and
they agree well with results of the rectangular enclosure
qualitatively [9]. Figure 6 shows vertical temperature and
concentration profiles in the stagnant flow regime for the
stationary system. Temperature profile is almost parallel
to the vertical walls implying that the dominant mode
of heat transfer is by conduction. Concentration profile
maintains initial stably-stratified distribution. In the par-
tially-formed layer flow regime where both stagnant flow
region and layered-flow structure exist, as can be seen in
Fig. 7, temperature profile shows inverse ‘S’ shape and
concentration profile is uniform in the layered-flow
region while temperature profile shows unstable dis-

tribution where the bottom temperature is higher than
the top temperature and concentration profile is linear in
the stagnant flow region. Almost linear unstable tem-
perature distribution in the stagnant region results from
the diffusion of heat between the cold part of the upper
layered flow and the hot part of the lower layered flow
across the stagnant flow region.

Figures 8 and 9 show temperature and concentration
profiles with time for fully-formed layer flow regime in
the stationary system and Figs 10-13 in the rotating
system. Each figure shows vertical temperature and con-
centration profiles with time at r/L = 0.25, 0.5, and 0.75
in the annulus for Ta=0 (without rotation),
Ta = 3.01 x 10°, and Ta=120x107 with
Ra, = 2.01 x 10°. When the vertical temperature profile
is observed, the temperature profile in each layer shows
inverse ‘S’ shape like in the case of single-diffusive natural
convection due to temperature difference only both in
stationary and in rotating cases. Temperature changes
smoothly at the interface between layers due to the rela-
tively large thermal diffusion in contrast to the rather
rapid change of concentration there. The vertical tem-
perature profile at r/L = 0.25 which is nearer to the cold
wall is lower than that at /L = 0.75 which is close to the
hot wall, and the vertical temperature profile at r/L = 0.5
which is at the center of the enclosure has almost the
average value of both. The vertical temperature difference
in each layer becomes larger in a thicker layer. From Figs
8(a), 10(a) and 12(a) horizontal temperature variation in
each layer is seen to increase as the effect of rotation
increases, which indicates that the conduction of heat
increases relative to the effect of convection at an
increased rotation.

Concentration profile in each layer is uniform due to
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h; Ra, = 2.01 x 10°, Ta = 0 (fully-formed layer flow regime).
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Fig. 10. Vertical temperature and concentration profiles at 1 = 5

h; Ra,=2.01x10° Ta=3.01x10° (fully-formed layer flow
regime).

the mixing by convection both in stationary and in rot-
ating cases. As mentioned previously, since a con-
centration diffusion rate is much slower than a tem-
perature diffusion rate, concentration changes rather
rapidly at the interface between layers. When the number
of layers decreases by merging with time, the con-
centration distribution in the merged layer is approxi-
mately the average of the concentration distributions of
the two layers before merging.
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regime).

4. Conclusions

In this paper, the double-diffusive nature of natural
convection of a stably-stratified salt-water solution due
to lateral heating is experimentally studied in a stationary
and rotating annulus.

In the stationary annulus, four distinct flow regimes
are observed depending on Ra, and with time; stagnant
flow regime, partially-formed layer flow regime, fully-
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Fig. 12. Vertical temperature and concentration profilesatz = 13

h; Ra, =2.01x10°, Ta =1.20x 107 (fully-formed layer flow
regime).

formed layer flow regime, and unicell flow regime. Initial
roll formation and development to layers are mainly
determined by natural convection due to temperature
difference, and merging of layers mainly by very slow
concentration diffusion. The time to reach unicell flow
regime is delayed as Ra, decreases due to the reduced
strength of the thermally-driven natural convection.
Rotation effect suppresses time evolution of global flow
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Fig. 13. Vertical temperature and concentration profiles at 1 = 20

h; Ra, =2.01x10°, Ta =1.20x107 (fully-formed layer flow
regime).

structure such as generation of rolls at the wall, devel-
opment to layers, and merging of layers, and the greater
the rotation effect, the greater the suppression. The incli-
nation of interface between layers also increases a little
more according to the rotation effect. The temperature
in each layer in a fully-formed layer flow regime has an
inverse ‘S’ shape, and the concentration is uniform due
to convective mixing both in stationary and in rotating
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systems. The temperature changes smoothly while the
concentration changes rather rapidly at the interface
between adjacent layers.
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