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Abstract

Experiments have been carried out for half-zones of acetone (Pr = 4.3) to investigate the effects of evaporative cooling on the flow
structures and temperature fields during transition from steady to oscillatory convection. The unstable flow phenomena have been mea-
sured using a variety of diagnostic techniques to determine the effects of evaporative cooling on Marangoni convection in liquid bridges
of intermediate Prandtl number. The results show that Marangoni convection in acetone liquid bridges with and without strong evap-
oration becomes unstable due to the same mechanism but the evaporation has a strong stabilizing effect on the onset of oscillatory

Marangoni convection.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermocapillary or Marangoni convection in a cylindri-
cal liquid bridge formed between heated and cooled circu-
lar disks is important for understanding the transport
processes involved in the floating zone crystal growth.
The quality of crystals grown may be adversely affected
when Marangoni convection undergoes transition from a
steady to oscillatory state. The resulting temperature and
velocity oscillations in the melt could cause striations to
appear in the crystal.

Marangoni convection experiments in half-floating
zones (half-zones) have been extensively conducted in the
past under normal gravity on the ground and under micro-
gravity aboard the Space Shuttle as well as on various
sounding rockets. It has been experimentally observed that
above a certain critical temperature difference, AT, or a
suitably defined critical Marangoni number, Ma., the
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Marangoni convection in a half zone of high Prandtl num-
ber fluids undergoes a transition from steady to oscillatory
convection (see [1-4]; among others). For lower values of
the Marangoni number, a steady flow is observed with a
single, axisymmetric toroidal vortex. When the critical
Marangoni number is exceeded, the flow and liquid tem-
perature would become oscillatory. A comprehensive
review of experiments on thermocapillary instabilities was
recently presented by Schatz and Neitzel [5].

The past experiments have been conducted by mostly
employing high Prandtl number fluids (Pr> 10). The
results have indicated that the critical Marangoni number
varies with the Prandtl number, disk diameter, liquid vol-
ume, and aspect ratio (I' = height/radius) of the liquid
bridge. On the other hand, numerical analyses of high Pra-
ndtl number experiments encounter considerable difficul-
ties due to a thin thermal boundary layer and its
implications for finer grid resolution.

The numerical difficulty associated with the thin thermal
boundary layer is alleviated when Marangoni convection at
intermediate Prandtl numbers, up to about 10, is examined.
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Nomenclature

D liquid bridge diameter [m]

H liquid bridge height [m]

Ma.  critical Marangoni number based on the height
H: Ma, = — 2AL0

Ma; critical Marangoni number base(21 on the geome-
try factor R*/H: Ma; = — $2ALK

Pr Prandtl number

R liquid bridge radius [m]

Tc temperature of the lower (cold) disk [°C]

Ty temperature of the upper (hot) disk [°C]

v velocity [m/s]

vV instantaneous liquid bridge volume [m?]
VR volume ratio [—]
z axial coordinate [m]

Greek symbols

o thermal diffusivity [m?/s]

r aspect ratio (= H/R)

AT temperature difference between the disks,
Ty —Tc [K]

AT, critical temperature difference between the disks
K]

A wavelength [m]

U dynamic viscosity [kgm ™' s™]

0c/0T temperature coefficient of surface tension
[Nm 'K

Several experiments have been conducted in the past yield-
ing data useful for verification of numerical results. Preisser
et al. [2] and Velten et al. [4] have experimentally studied
certain aspects of transition to oscillatory Marangoni con-
vection for high-temperature melts of KCl (Pr=1) and
NaNOj (Pr=7). They measured the critical temperature
difference, AT, and the frequency of temperature oscilla-
tions for a disk diameter of 6 mm and various aspect ratios.
Chun and Wuest [6] and Vargas [7] have also reported crit-
ical Marangoni-number data for methanol (Pr = 7). Some
of these experimental data have been used by Wanschura
et al. [8] and Leypoldt et al. [9] for comparisons with
numerical linear-stability analysis and numerical simula-
tion predictions, respectively.

Wanschura et al. [8] and Leypold et al. [9] showed that
for an intermediate Prandtl number of 4, the axisymmetric
steady flow becomes linearly unstable to a pair of hydro-
thermal waves propagating azimuthally, similar to that in
plane layers [10]. Since their numerically predicted critical
Marangoni numbers and flow structures compared favor-
ably with the experimental data of Velten et al. [4], the
instability mechanism for intermediate Prandtl number flu-
ids may be of hydrothermal-wave type. Nienhuser and
Kuhlmann [11] further investigated the effects of shape
deformation and buoyancy due to gravity numerically.
The hydrothermal waves were characterized by internal
temperature fluctuations which arise in the region of large
(radial) basic-state temperature gradients. The basic tem-
perature field which is crucial for the instability mechanism
was found to be susceptible to the buoyant convection
transport rather than the hydrostatic deformation of the
liquid bridge for Pr=4.

Although Velten et al. [4] pointed out that there may be a
significant influence of heat and mass transfer at the free sur-
face, the effect of this heat loss on the stability of Marangoni
convection in liquid bridges has not been fully clarified yet.
Through a linear-stability analysis, Kuhlmann and Rath
[12] pointed out that the enhanced surface heat loss would

affect the Marangoni flow in a liquid bridge by reducing
the radial temperature gradients and the strength of the sur-
face shear flow so that the disturbances would not be able to
extract as much energy from the base state as for the case of
no heat loss. Recently, Kamotani et al. [13] have experimen-
tally measured the effect of surface heat loss for higher Pra-
ndtl number fluids (Pr = 24-49) by varying the surrounding
air temperature relative to the hot and cold disk tempera-
tures. The enhanced heat loss from the surface exposed to
air clearly resulted in the destabilization of Marangoni flow
and significantly lower critical Marangoni numbers were
obtained compared to the case of no surface heat loss.

In the present work, Marangoni convection experiments
have been conducted using acetone with Pr = 4.3, which is
a volatile liquid and involves significant heat and mass
transfer at the liquid surface due to evaporation. Because
of the latent heat involved, the magnitude of heat loss is
expected to be much greater than that for convection alone,
thus it would be possible to study the effect of free surface
heat and mass transfer on the transition from steady to
oscillatory Marangoni convection if the evaporation rate
can be varied.

Acetone has been used previously in Marangoni convec-
tion experiments involving horizontal liquid layers in rect-
angular cavities by Villers and Platten [14] and by
Braunsfurth and Homsy [15]. By placing a plate above
the test section, both of those experiments were conducted
only under reduced evaporation rates. In the present work,
different evaporation rates were realized by placing a par-
tially or tightly sealed enclosure around the liquid bridge.
To yield experimental data that would be useful for the
understanding of the physical phenomena, different mea-
surement techniques have also been utilized.

2. Experimental apparatus and instrumentation

A schematic of the experimental apparatus is shown in
Fig. 1. Two slightly different test sections, A and B, used
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Fig. 1. Experimental apparatus: (a) sketch of the liquid bridge, (b) photograph of the acetone bridge with simultaneous recording and display of image
and temperature data, and (c) schematic of the test sections A (reduced evaporation case or partially open case) and B (fully open case).

in the experiments consisted of upper and lower disks
between which an acetone liquid bridge could be formed.
The upper and lower disks with 5.0, 7.0 or 10.0 mm diam-
eter (D) were made of brass, copper, or sapphire rods as
summarized in Table 1, depending on the type of measure-
ment required. The copper and brass disks were tapered at
the end as shown in Fig. 1, while sapphire disks were
straight rods with flat polished ends. Each disk was
attached to a Peltier element connected to a DC power
supply as well as a constant temperature circulation
bath to be either heated or cooled independently. The
lower disk had a small hole drilled through the axis so that
acetone could be injected into the gap between the upper
and lower disks to form a liquid bridge. A syringe was used
to inject the liquid, either manually or using a linear
actuator.

Acetone has significantly greater volatility than higher
Prandtl number fluids such as silicone oils. In order to

Table 1
Disk materials and diameters used

Diameter (mm) Lower disk/upper disk

5.0 Copper/ZnSe
Copper/sapphire
7.0 Brass/brass
10.0 Copper/copper
Copper/ZnSe

reduce the rate of surface evaporation and thinning of
the liquid bridge with time, a quartz tube was placed with
a gap of 2-3 mm around the liquid bridge in both test sec-
tions. The test section A with 7.0 mm diameter disks could
be tightly sealed (reduced evaporation case) or partially
open (stronger evaporation case).

The test section A was sealed by placing natural rubber
gaskets between the brass bases and the top and bottom
ends of the quartz tube as shown in Fig. 1(c). Furthermore,
a micro-thermocouple used to detect the liquid temperature
fluctuations at the onset of oscillatory convection was
inserted through a hole in the upper disk to avoid breaking
the seal. This test section was used to investigate the
reduced evaporation case. For the partially open system
with a relatively high evaporation rate, the upper rubber
gasket was removed so that a gap existed between the
quartz tube and the brass base at the top.

On the other hand, the test section B with 5.0 or
10.0 mm diameter disks, could not be tightly sealed due
to its design. Besides, the quartz tubes also had several
holes of 2-3 mm diameter drilled to allow insertion of
one or two micro-thermocouples into the liquid bridge
from the outside to measure the liquid temperature oscilla-
tions as shown in Fig. 1(c). Thus, only the strongly evapo-
rating case was investigated for the disk diameters of 5.0
and 10.0 mm. Quartz tubes of different lengths were used
in both test sections to allow the liquid bridge height and
the aspect ratio to be changed.
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The temperature measurement on the liquid bridge sur-
face was also made with the test section A using an infrared
imager. A rectangular Pyrex glass enclosure with one face
made of a small infrared-transmitting ZnSe plate was
placed around the liquid bridge instead of a quartz tube
to allow for infrared imaging. These measurements were
performed for both closed and partially open systems with
disks of D =7.0 mm.

2.1. Disk and fluid temperature measurements

Thermocouples were used to accurately measure the hot
and cold disk temperatures, Ty and T, disk-temperature
difference, AT (= Ty — Tc), and local liquid temperature.
In preliminary experiments with the test section B, the
onset of oscillatory Marangoni convection in acetone
bridges was found to occur at very small temperature dif-
ferences, AT <2 K, at which periodic liquid temperature
oscillations with amplitudes less than 0.01 K appeared.
Thus, the temperature data had to be obtained with pre-
cisely calibrated thermocouples (T/C’s) and the T/C signals
had to be amplified and recorded by a data acquisition sys-
tem with little noise.

The hot and cold disk temperatures were measured
using type-T micro-thermocouples with a wire diameter
of 75 um. Small holes of 0.5 mm diameter and 2-4 mm
depth were drilled in the brass or copper disks from the side
at 2-3 mm from the disk’s end surface. The thermocouple
junction was then placed into each hole and anchored there
by filling the hole with thin needle-shaped strips of Teflon.
The use of any cement such as epoxy was avoided in order
to prevent any contamination of the working fluid.

To measure AT, a pair of type-T thermocouples
attached to the hot and cold disks was connected in series
and the cold junctions were enclosed in a thick-walled alu-
minum box to directly measure the temperature difference.
This arrangement made possible a sensitive measurement
of AT without incurring a large uncertainty.

Liquid temperature oscillations were measured using
type-E micro-thermocouples inserted into the liquid bridge.
For the test section A, the 75 um diameter T/C wires were
inserted through the upper disk and the T/C junction was
positioned well inside the liquid bridge about 1 mm below
the upper disk surface. For the test section B, a thermocou-
ple junction of 25 pm diameter wires was inserted into the
liquid bridge from the side through a small hole drilled in
the quartz-tube wall.

Calibration of all the thermocouples was conducted
using a platinum resistance thermometer sensor (Pt-100)
with an absolute error of <40.03 K. All the disk and fluid
thermocouples were calibrated at 0, 15.0, 20.0 and 25.0 °C,
while the thermocouple pairs for AT measurement were
calibrated at 0, 1.0, 2.0, 3.0, 7.0 and 10.0 °C with Ty kept
at 24-25.5 °C. The uncertainty in temperature and A7 mea-
surements was estimated to be £0.05 K.

To sample and record the temperature data, the thermo-
couple signals had to be amplified and recorded with as lit-

tle noise as possible. A PC-based National Instruments
Data Acquisition System (Model PCI-6035E with SCXI-
1102) was used with the test section A, and a Hewlett—
Packard Data Acquisition/Control Unit (Model 3852A)
and a workstation with the test section B. For the liquid
temperature and AT measurements, high-gain, low-noise
DC amplifiers (NEC Model 6L06H) were used in both test
sections to amplify the T/C signals before the data acquisi-
tion system to maximize the signal to noise ratio. With the
above temperature measurement systems, periodic liquid
temperature oscillations of amplitudes as small as 0.01 K
could be clearly identified and recorded. All the tempera-
ture data were sampled using Labview software at a rate
of 10 Hz, stored in files and graphically displayed in real-
time alongside the image of the liquid bridge on the video
monitor.

2.2. Flow visualization

Tracer particle imaging and photochromic dye activa-
tion (PDA) techniques were used to measure the bulk flow
pattern and surface velocity, respectively. For the tracer
particle imaging technique with a vertical laser light-sheet,
silver-coated particles of 8-12 uym diameter and specific
gravity of 1.05-1.15 were dispersed in acetone.

In addition, to monitor three-dimensional flow patterns,
Fillite™ particles with 32-53 um diameters were mixed with
the liquid and illuminated by a cold light source placed
behind the liquid bridge. The Fillite™ particle motion was
monitored with a CCD camera situated on the side of the
liquid bridge opposite to the light source.

2.3. Surface velocity measurement

The surface velocity was measured using a photochro-
mic dye activation technique, which has been previously
used in various gas-liquid flow experiments [16,17]. It uses
a UV pulse laser (N, gas laser, 4 = 337 nm) to activate the
molecules of a photochromic dye called TNSB, dissolved in
the working liquid at a concentration of 100-500 ppm. The
acetone-dye solution is transparent, but changes to a pur-
ple color upon UV irradiation. The purple liquid acts as
a tracer and the dye trace motion can be monitored by a
color video camera to obtain the liquid surface velocity
as shown in Fig. 2.

Although the laser beam penetrated some distance into
the liquid, the fastest moving part of the trace from near
the top to the bottom of the liquid bridge can be considered
to represent the surface velocity, because the velocity of the
basic two-dimensional flow decreases monotonically from
the surface with the penetration depth of the laser light,
as known from numerical calculations. Although the same
technique has been used previously to measure the velocity
of a liquid layer surface in a rectangular cavity under
Marangoni convection [18,19], to our knowledge, this work
presents the first direct measurement of the surface velocity
oscillations at the onset of oscillatory Marangoni convec-
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Fig. 2. Photochromic dye activation set-up for surface velocity
measurements.

tion in a half-floating zone of intermediate to high Prandtl
numbers.

2.4. Surface oscillation measurement

Another measurement attempted was the amplitude of
surface oscillation, which has been hypothesized to play
an important role in the mechanism governing the onset
of oscillatory Marangoni convection in a half-floating zone
at high Prandtl numbers [3,20]. Recently, Kitagawa et al.
[21] successfully used a Laser Focus Displacement Meter
(Keyence Model LT-8100) to measure the surface oscilla-
tions in 10 ¢St silicone oil liquid bridges. Thus, the same
instrument with 0.2 um resolution was used in the present
work.

3. Experimental conditions and procedure

Experiments were performed under different evapora-
tion conditions using either a tightly sealed or partially
open quartz tube placed around the liquid bridge. The
main parameters varied in the experiments were the aspect
ratio, I' = H/R, (by varying either H, R, or both), and the
volume ratio, VR, as shown in Table 2. The parameter
ranges covered and different types of instrumentation used
are also shown. While all the disk diameters were used to
obtain data for the strongly evaporating case, the reduced
evaporation experiments were performed only with the
7.0 mm diameter disks.

For each disk diameter, the liquid bridge height, H, was
fixed at a specified value corresponding to a given aspect
ratio. In each run, the liquid was injected into the bridge

Table 2
Experimental conditions

Table 3

Temperature ramping rate to set disk-temperature difference, AT
System and disk diameter dAT/dr (K/s)
Partially open system, D = 5.0 mm 0.008

Closed system, D = 7.0 mm 0.003

Partially open system, D = 7.0 mm 0.005

Partially open system, D = 10.0 mm 0.003

to maximize the initial volume ratio and then the disk-tem-
perature difference, AT, was either increased or decreased
slowly at rates shown in Table 3 by changing the voltage
supplied to the Peltier element attached to the lower (cold)
disk, while the upper (hot) disk temperature was kept
nearly constant at room temperature (23-25°C). The
disk-temperature difference, AT, was varied as slowly as
possible at a relatively constant rate to cross the critical
temperature difference and achieve transition from steady
to oscillatory flow or vice versa before the volume ratio
decreased to less than about 0.8-0.9 due to evaporation.

3.1. Effects of impurities on acetone properties
and surface contamination

The thermophysical properties of acetone are summa-
rized in Table 4. In order to minimize the effect of impuri-
ties contained in the working fluid, acetone with 99.5% and
99.9+% purity were tested both with and without zeolite
treatment to reduce the residual water content. The preli-
minary tests, however, indicated no significant effects of
purity and residual water content on the critical AT values.
Thus, in the present work, acetone with 99.9+% purity
from Aldrich without any zeolite treatment was used in
all the experiments. The temperature-dependent surface
tension coefficient was measured with and without a photo-
chromic dye (500 ppm concentration) and tracer particles.
The surface tension measurements at different temperatures
using a plate pulling method with Kyowa surface-tensio-
meter (Model CBVP-Z) yielded no significant differences

Table 4
Thermophysical properties of acetone

T (°C) i (mPas) G, (kJ/kg°C) K (W/m °C) Pr
0 0.398 2.102 0.165 5.1
20 0.325 2.156 0.160 4.4
27 0.301 2214 0.159 42
47 0.250 2.265 0.152 3.7
Note: At 23 °C, ¢ =23.4 mN/m, y = —0.1262 mN/m/K, p = 787 kg/m°.

Diameter, D (mm) Height, H (mm)

Aspect ratio (I' = H/R)

Volume ratio, VR Instrumentation used

5.0 1.5-4.0 0.6-1.6
7.0 2.0-4.5 0.55-1.28
10.0 1.54.0 0.3-0.8

0.81-1.05 PD, TPI
0.7-1.1 PD, TPI, IR-S
0.84-1.06 PD, TPI, LFDM

PD: Photochromic dye activation method for surface velocity measurement, TPI: tracer particle imaging for flow pattern observation, IR-S: infrared
imager for surface temperature distribution measurement, LFDM: laser focus displacement meter.
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(<2%) between 99.9+% pure acetone and the working
solutions.

Although the liquid bridge was surrounded by a quartz
tube and not directly exposed to the ambient air, fresh
liquid was injected to overflow from the lower disk and
renew the liquid bridge surface at the beginning of each
measurement in order to avoid collection of data with a
contaminated liquid bridge surface.

4. Results and discussion
4.1. Acetone bridge shape and evaporation rate

The shape of the liquid bridge and the instantaneous
volume ratio could be readily obtained from the video
images using an image analysis program on a PC. The
interface shape was first digitized and the disk radius, R,
was used for calibration of the scale. The local radius of
the liquid bridge was then calculated from the free surface
coordinates at different heights above the lower disk. The
instantaneous liquid bridge volume, V, was calculated by
numerically integrating the local radius-height data, and
the volume ratio was obtained as VR = V/nR’H. By mea-
suring the volume ratios at the beginning (VR > 1.0) and
after a sufficient amount of time elapsed, the average evap-
oration rate could be quantified as the volume reduction
rate expressed as volume % per second (vol.%/s). As shown
in Table 5, the evaporation rate for the partially open case
decreased strongly with the liquid bridge diameter for the
test section B (D = 5.0 and 10.0 mm). This is reasonable
since the exposed surface area increases linearly with the
diameter, but the liquid bridge volume increases as the
square of the diameter. The evaporation rate data for
D = 7.0 mm and different aspect ratios are shown for both
the closed and partially open systems in Fig. 3. In both sys-
tems, the evaporation rate decreased with the increasing
aspect ratio. At all the aspect ratios tested, the partially
open system showed about 4-5 times higher evaporation
rates than those for the closed system. Also shown in
Fig. 3 is the fully open system for I' = 1.1, which indicates
that fully exposing the acetone bridge to the ambient air
increases the evaporation rate by about 7 times when com-
pared to the closed system.

As is clear from the above, even the tightly sealed case
showed the effect of surface evaporation and the liquid
bridge gradually became thinner with time, although the
rate of evaporation was significantly reduced compared
to the partially and fully open cases. Mass transfer from

Table 5
Volume reduction rate

Diameter (mm) Volume reduction rate (vol.%/s)

5.0 (Partially open) 0.12-0.19
7.0 (Closed) 0.02-0.10
7.0 (Partially open) 0.13-0.31
10.0 (Partially open) 0.03-0.06

‘Tw 0.35 ® CLOSED

¥ 03 | B PARTIALLY OPEN ||
_ ' A FyLLY OPEN

g 0.25 ] A

?9 0.2 -

© | |

o 0.15 a

S 01+

© . o

g 0.05 'S R

§ ol
] 0.5 0.7 0.9 1.1 1.3 1.5

Aspect ratio

Fig. 3. Evaporation rates in volume percent per second for acetone
bridge, D = 7.0 mm.

the bridge surface continued to occur even in the closed
system because the system was not entirely isothermal
and temperature differences existed between the liquid
bridge and the rest of the solid surfaces (the disks and
the quartz tube).

4.2. Effects of evaporation on the surface temperature
distribution

The surface temperature distributions measured by an
infrared imager under steady flow conditions showed sig-
nificant differences between the closed and partially open
systems, as a result of different rates of evaporative cooling.
At reduced evaporation rates in a closed system, variations
in the surface temperature distribution were small as shown
in Fig. 4(a). As the evaporation rate increased by a factor
of 4-5 in the partially open system, the surface was cooled
to such an extent that a part of the surface became even
cooler than the lower cold disk. This can be observed in
Fig. 4(b) as a cold band just above the lower disk, and
in a temperature profile along the centerline as shown in
Fig. 4(c). The latter figure shows the surface temperature
variation relative to the coldest spot on the surface. The
error bars indicate the width of the color scale and the
region of uniform temperature indicated by a given color
band in the infrared image.

The evaporative cooling effect intensified further when
the quartz tube was removed from the test section and
the acetone bridge was fully exposed to the ambient air
as shown in Fig. 4(d) and (e). Thus, in both the partially
and fully open systems, an inversion in the temperature
gradient occurred near the cold disk.

4.3. Determination of AT, at the onset of oscillatory
Marangoni convection

In the experiment, the disk-temperature difference, AT,
was varied to either increase or decrease past the critical
temperature difference corresponding to the transition
from steady to oscillatory Marangoni convection while
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Fig. 4. Surface temperature distributions for D =7.0 mm, I' = 1.1, VR = 0.9 and liquid bridges of different evaporation rates (ER): (a) IR image for a
closed system (ER = 0.035 vol.%/s), (b) IR image for a partially open system (ER = 0.16 vol.%y/s), and (c) temperature profile along the centerline for the
partially open system, (d) IR image for a fully open system (ER 2 0.25 vol.%/s), and (e) temperature profile along the centerline for the fully open system.

the volume ratio of the liquid bridge was allowed to slowly
decrease due to evaporation. For each disk diameter and
aspect ratio, fluid and disk temperature measurements were
made several times to check the reproducibility of the crit-
ical AT data.

At or slightly above AT, corresponding to the onset
of oscillatory convection, the following phenomena were
observed to occur for both the closed and partially open
systems:

1. Harmonic fluid-temperature oscillations.

2. Surface-velocity fluctuations with an appearance of an
azimuthal component.

3. Vortex expansion and contraction in tracer particle
images at a constant azimuthal position.

4. Harmonic thermal waves on the free surface.

When the disk-temperature difference was gradually
reduced from above to below AT,, these phenomena disap-
peared and a steady flow returned, however, the oscillatory
flow characteristics persisted until AT fell clearly below AT
found for the onset. Each of the above phenomena
observed is discussed in detail below.

4.3.1. Fluid-temperature oscillations

The fluid temperature measured at the onset of oscilla-
tory convection by a micro-thermocouple started to show
a periodic oscillation with an amplitude increasing from
less than 0.01 K to greater than 0.1 K, at a certain fre-
quency between 0.5 and 1 Hz, which depended on the
aspect ratio. For example, the oscillation frequency of the
liquid temperature was 1.0 Hz when the liquid bridge
aspect ratio was I' = 0.6, and 0.5 Hz when the aspect ratio
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Fig. 5. Liquid temperature oscillations at the onset of oscillatory convection (D = 7.0 mm, I' = 1.1): (a) closed system and (b) partially open system.

was I' = 1.3. Sample data for D =7.0 mm and I = 1.1, are
shown in Fig. 5(a) and (b) for the closed and partially open
systems, respectively. Both data indicate a gradual increase
in the liquid temperature oscillation amplitude well beyond
the noise level at the onset of oscillatory flow, once AT is
increased above a critical value, AT..

4.3.2. Surface-velocity fluctuations

For the closed system, the photochromic dye traces
formed near the upper disk in steady flow at AT < AT,
always traveled vertically down to the same azimuthal posi-
tion near the lower disk indicating an axisymmetric flow.
Because the dye traces always traveled along the closed
streamlines many times before they decayed in color and
disappeared, the successive traces appeared as a thin verti-
cal band as shown in Fig. 6(a). But at the onset of oscilla-
tory flow, the dye trace trajectory started to oscillate in the
azimuthal direction, towards both the left and right of the
vertical trajectory as shown in Fig. 6(b). Note that a hole
used for acetone injection is seen in the lower disk in Fig. 6.

The change in the surface velocity from a purely one-
dimensional (downward) trajectory to a two-dimensional
trajectory with a continuously changing azimuthal compo-
nent was observed to occur nearly simultaneously with the
appearance of the liquid temperature oscillations described
previously. The maximum inclination angle of the trace
trajectory was found to be about 30° from the vertical
for the closed system with D=7.0mm, and at
AT =0.85 K, well above the AT, of 0.5 K. Thus, the max-
imum azimuthal-to-vertical velocity ratio for this case
would be equal to tan 30° or 0.58.

The photochromic dye activation technique showed dif-
ferent surface velocities in the partially open and closed
systems. In the partially open system, even in steady flow,
the dye traces traveled at a certain angle with respect to
the vertical (Fig. 6(c)). At the onset of oscillatory convec-
tion, the dye trace started fluctuating in the azimuthal
direction from the steady, inclined trajectory. Fig. 6(d)
shows the dye trace trajectories at AT =2.27 K, which is
above the critical value (AT.~ 1.7 K). Besides the dye
traces showing oscillating azimuthal displacements, the Fil-
lite™ particles also changed their motion from a purely up-

down motion to the flow with an azimuthal component,
during which individual particles were tracing a figure of
infinity (co0) as viewed by the video camera. Furthermore,
at sufficiently large values of AT > AT, the amplitude of
the vertical motion of the Fillite™ particles at a given azi-
muthal position visibly oscillated in time. At a given instant
of time, the amplitude of this oscillation showed a sinusoi-
dal modulation in the azimuthal direction which could be
detected by observations from the side of the liquid bridge.
Hence, the tracer-particle motion reflected an azimuthally
traveling wave.

From the photochromic dye trace images obtained for
D =7.0mm and I' = 1.1, the downward surface velocities
were obtained for the closed system with reduced evapora-
tion rates for which AT, = ~0.5 K. Fig. 6(e) shows the
axial component of the average surface velocity between
the hot and cold disks over nearly the entire liquid bridge
height. The average surface velocity increases almost line-
arly with an increase in AT from a steady to oscillatory
flow (AT, = ~0.5 K).

4.3.3. Vortex expansion and contraction

In the tracer particle images of the flow patterns in the
vertical cross section, a pair of vortices appeared near
the liquid bridge surface representing a toroidal vortex.
The pair of vortices had the same size constant in time dur-
ing steady flow, indicating an axisymmetric flow with the
vertical return flow upward along the axis of the liquid
bridge. At the onset of oscillatory flow, however, the vortex
started to expand and contract on opposite sides as shown
in Fig. 7 at the same frequency as the temperature oscilla-
tions, as previously reported by Chun and Wuest [6],
among others. The flow then became non-axisymmetric
and the return flow was no longer vertical along the axis
of the liquid bridge.

4.3.4. Surface temperature variation

For the closed system with reduced evaporation rates,
the surface temperature recorded by an infrared imager
showed the propagation of a thermal wave in the azimuthal
direction shortly after the onset of oscillatory flow. Alter-
nating cold and hot patches moved from right to left in
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Fig. 6. Trajectory of photochromic dye traces on the liquid bridge (D = 7.0 mm, I' = 1.1, VR = 0.9): (a) steady flow in a closed system, (b) oscillatory flow
in a closed system taken at intervals Az =1.1s or 1/4 of a period, when AT =0.85K and AT, =0.5K, (c) steady flow in a partially open system, (d)
oscillatory flow in a partially open system when AT =2.27 K and AT, = 1.7 K, and (e) surface velocity dependence on AT in the closed system.

the side view (clockwise direction) at the same frequency as
the liquid temperature oscillations detected in the bulk by a
micro-thermocouple. The direction of thermal wave prop-
agation was observed more often in the counter-clockwise
direction than in the clockwise direction as viewed from
the top of the liquid bridge. Although the direction was
seen to sometimes change from the counter-clockwise to
the clockwise direction, this change in the direction of wave
propagation was not periodic and also infrequent.

In the partially open system with enhanced evaporation
rates, temperature distributions during the steady flow
showed the existence of a cold region just above the lower
(cold) disk. This cold region had a lower temperature than
the lower disk. At the onset of oscillatory flow, the cold
region started to fluctuate in z-direction (height) with the
same frequency as the liquid temperature fluctuations.
The fluctuation of the cold region was accompanied
by the propagation of hydrothermal waves. The width of
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Fig. 7. Toroidal vortex inside a liquid bridge for a volume ratio of 0.9: (a) tracer particle images of oscillatory flow, (b) sketches of the streamlines in

steady flow, and (c) sketches of the streamlines in oscillatory flow.

the cold band was modulated in the azimuthal direction
and the top edge of this cold band became wavy, again
indicating a hydrothermal wave traveling in the azimuthal
direction.

For the strongly evaporating case, the azimuthal wave
number or mode data could be obtained from the IR
images but only at large values of AT well above AT,
because of the limited sensitivity of the IR imager (0.1 K)
and the generally very small amplitudes of fluid-tempera-
ture oscillations. The instability modes obtained for
D = 7.0 mm and different aspect ratios are summarized in
Table 6. The modes obtained were generally higher than
those given by the relation ‘“mode - aspect ratio =2.2”

Table 6
Azimuthal wave numbers for acetone in the partially open system
(D =7.0 mm)

H (mm) (H/R) AT (K) Mode Mode - aspect ratio
1.5 0.6 4.0 4 2.4
1.5 0.6 4.5 4 2.4
2.0 0.8 3.2 4 32
2.5 1.0 29 3 3.0
2.5 1.0 3.9 3 3.0
3.25 1.3 34 2 2.6

[2]. A Dbetter agreement is expected at smaller values of
AT close to AT, since the mode numbers have been
reported to increase with AT [4].

4.3.5. Surface oscillations

Surface oscillation measurements could be made only
for the partially open system, by passing a laser beam from
the Laser Focus Displacement Meter through a hole in the
quartz-tube wall. The surface oscillations, however, could
not be detected slightly after the onset of oscillatory flow
for D =5.0 and 10.0 mm. Even for AT > AT, the surface
oscillation could barely be detected. We, therefore, con-
clude that the surface oscillations must have been less than
the minimum sensor resolution of 0.2 um, if they occurred
at all.

4.4. Critical temperature difference and Marangoni
number at the onset of oscillatory convection

Liquid temperature oscillations detected by a micro-
thermocouple inserted into the liquid bridge were examined
to determine the critical temperature difference, AT, at the
onset of oscillatory flow for various disk diameters and
aspect ratios. The analysis was performed by first taking
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moving averages of the instantaneous temperature data to
obtain the mean liquid temperature, and then subtracting
the mean temperature from the instantaneous tempera-
ture to obtain the fluctuating component as a function
of time. The liquid temperature oscillations were then
plotted against time together with the temperature differ-
ence between the hot and cold disks, as shown earlier in
Fig. 5(a) and (b) for the closed and partially open systems,
respectively. In both cases, before the onset of oscillatory
flow, the liquid temperature data showed random fluctua-
tions with a small amplitude of about +0.01 K, considered
to be the background noise. At the onset of oscillatory
flow, periodic liquid temperature oscillations appeared
with a certain frequency and started to grow larger in
amplitude.

When the disk-temperature difference was reduced from
above AT, the periodic temperature oscillations gradually
decreased in amplitude and disappeared at a certain AT
slightly below AT.. This was common to both closed and
partially open systems, and is attributed to a finite amount
of time necessary for the oscillatory motion to fully decay
and the flow to reach a stable state.

The present analyses of AT, data for D =7.0 mm and
different aspect ratios showed AT, to range from ~0.5 K
to 1.1 K in the closed system and 1.8 K to 2.6 K for the
partially open system (Fig. 8(a)). The data are shown for
both increasing AT (square symbols correspond to the
ramping up case or steady-to-oscillatory transition) and
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decreasing AT (triangles for the ramping down case or
oscillatory-to-steady transition). The critical AT data for
the ramping up case were always greater than those for
the ramping down case, as previously reported by Velten
et al. [4]. Significant differences in the critical AT values
between the closed and partially open systems even for
the same disk diameter and aspect ratio are clearly the
result of surface evaporation. The partially open system
with a higher rate of surface evaporation became more sta-
ble and the onset of oscillatory Marangoni convection was
delayed until much higher values of AT, were reached com-
pared to the closed system.

In all cases, a strong dependence of AT, on the aspect
ratio was found as expected. For the closed system with
a disk diameter of 7.0 mm, the value of AT, decreased by
more than 50% as the aspect ratio increased from 0.56 to
1. It then increased slightly for I' > 1 so that the minimum
AT, of about 0.5 K was reached at I' ~ 1. The variation in
AT, with the aspect ratio was similar for the partially open
system. The critical temperature difference (AT,) did not
show an appreciable change with the volume ratio, unlike
for high Prandtl number fluids [22,23]. In the present exper-
iments, no differences in the values of AT, and critical
Marangoni number were observed for a given liquid bridge
for different volume ratios between 0.7 and 1.1.

The critical Marangoni number, Ma., was next calcu-
lated based on the measured values of AT, and the liquid
bridge height, H. The critical Marangoni-number data
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Fig. 8. Onset of oscillatory Marangoni convection data for closed and partially open systems with D = 7.0 mm: (a) critical temperature difference data, (b)
variation of critical Marangoni number, Ma., with aspect ratio I', (c) variation of Ma;, with aspect ratio I', and (d) variation of Ma, with aspect ratio I" for
D =5.0 and 10.0 mm in a partially open system (square symbols for ramping up and triangles for ramping down).
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for a volume ratio of about 0.9-1.0 are plotted against the
aspect ratio in Fig. §(b) for D =7.0 mm and both closed
and partially open systems. Velten et al. [4] used a different
definition of the Marangoni number, Ma, = Ma./T" 2, so the
present data are also plotted in Fig. 8(c) together with the
critical Marangoni numbers interpolated for Pr = 4.3 from
Velten et al.’s [4] data for Pr=1 and 6.9 obtained for a
disk diameter of 6.0 mm. The critical Marangoni numbers,
Ma, for the closed system are seen to be consistent with the
values interpolated from Velten et al.’s [4] data. For the
closed system with reduced evaporation rates, the critical
Marangoni number M« decreased strongly with the aspect
ratio, while Ma, was nearly constant for I'<1 and
increased slightly for I > 1.

In Fig. 8(d), the critical Marangoni number data are
shown for different disk diameters of 5.0 and 10.0 mm in
a partially open system only. The critical Marangoni num-
ber is seen to increase with the aspect ratio for both dia-
meters in the ranges of the aspect ratios investigated.

4.5. Stabilizing effect of evaporation

The present AT, and critical Marangoni-number data
for the closed and partially open systems clearly indicate
that heat and mass transfer at the free surface of a liquid
bridge due to evaporation significantly stabilizes Maran-
goni convection in a liquid bridge. This is opposite to the
destabilization effect observed by Kamotani et al. [13]
and predicted by Kuhlmann and Rath [12] for high Prandtl
number fluids.

From the evaporation rate data shown in Fig. 3 and the
latent heat of vaporization (/g = 524 kJ/kg at 20 °C) for
acetone, it is possible to calculate the rate of surface heat
loss, O, and the Biot number (Bi= Q/Q2rHKAT A))
assuming the difference between the average liquid bridge
temperature and the surrounding air temperature, AT} _a,
to be 2 °C. For an aspect ratio of ~1, the evaporation rates
were 0.04 and 0.16 vol.%/s for the closed and partially open
systems, respectively. Using the exposed surface area and
latent heat of vaporization, the surface heat loss rates are
calculated to be 0.0237 W and 0.095 W, and the Biot num-
bers are calculated to be 3.2 and 12.7 for the closed and
partially open systems, respectively. The Biot number of
3.2 for the closed system is more than twice larger than
the maximum Biot number of 1.4 used by Kamotani
et al. [13], but the value for the partially open system is
an order of magnitude greater. This means that the cooling
effect due to evaporation is much greater than that possible
with only convective cooling on the free surface.

Such high rates of evaporative cooling of the liquid
bridge surface should cause a reduced radial temperature
gradient in the bulk liquid which plays an important role
in the instability mechanism for intermediate Prandtl num-
ber (0.5 < Pr<5) fluids according to the predictions of
previous linear-stability analyses [8,11]. Although slight
enhancement in surface cooling is destabilizing, signifi-
cantly enhanced cooling by evaporation can stabilize

Marangoni convection and increase the critical Marangoni
number by reducing the radial temperature gradients in
the liquid bridge, thus reducing the energy necessary for
the instability to arise and grow in the liquid bridge. A
more quantitative analysis of the evaporation effect on
Marangoni convection in liquid bridges of intermediate
Prandtl numbers would require a linear-stability analysis
that includes the effect of heat loss due to surface
evaporation.

5. Conclusions

The effects of liquid evaporation from the free surface
on the transition from steady to oscillatory Marangoni
convection have been investigated experimentally in ace-
tone liquid bridges with diameters of 5.0, 7.0, and
10.0 mm, and heights of <5 mm. The evaporation rate
was varied by partially or completely enclosing the liquid
bridge with a quartz tube.

The critical temperature difference (or critical Marang-
oni number) at which the flow becomes oscillatory, was
found to depend strongly on the evaporation rate. The crit-
ical temperature difference varied with the aspect ratio
(height/radius) ranging from 0.5 to 1.05 K for the closed
system with D = 7.0 mm, and from 1.6 to 2.6 K for the par-
tially open systems (strongly evaporating case) with
D=15.0, 7.0, and 10.0 mm. The present critical Marang-
oni-number data for D = 7.0 mm in a closed system were
found to be consistent with the values for Pr = 4.3 interpo-
lated from Velten et al.’s [4] data for D =6.0 mm and
Pr=1and 6.9.

The liquid evaporation was found to have a strong sta-
bilizing effect on Marangoni convection, since the critical
temperature difference and the critical Marangoni number
both increased significantly with the enhanced evaporation
rate. This effect was attributable to a significant reduction
in the radial temperature gradients due to the enhanced
heat loss from the surface in accordance with the
predictions of previous linear-stability analyses of Wansch-
ura et al. [8] and Nienhuser and Kuhlmann [11]. As the
radial temperature gradient was predicted to play an
important role in the instability mechanism for intermedi-
ate Prandtl number (0.5 < Pr <5) fluids, the suppression
of the radial temperature gradient due to evaporative
cooling is thus believed to result in the reduction of the
energy necessary for an instability to arise and grow in
the liquid.
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