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Recent Developments in Oscillatory Marangoni Convection

Y. Kamotani1, S. Matsumoto2, and S. Yoda2

Abstract: A Marangoni Convection Modeling
Research group was formed in Japan in order to
investigate oscillatory thermocapillary flow sys-
tematically over a wide range of Prandtl number
(Pr). The research by the group represents the
current status of the subject. The present arti-
cle reports the work done by the group members.
The work is divided into three Pr ranges (low,
medium and high) because the cause of oscilla-
tions is different in each range. For the low-Pr
case, the transition to oscillatory flow is preceded
by a steady bifurcation to three-dimensional con-
vection. For the first time an experimental proof
of this first transition is provided by means of
very precise measurements of temperature at dif-
ferent azimuthal positions. Then it is discussed
that the causes of oscillations in low and medium
Pr ranges are well understood. However, the os-
cillatory flow of high Pr fluid is not yet fully un-
derstood. The critical conditions for high Pr fluid
are extremely sensitive to the free surface heat
transfer in some situations but very insensitive in
other situations.

Keyword: Marangoni convection, liquid
bridge, oscillations

1 Introduction

Surface tension exists on the interface of two dif-
ferent and immiscible fluids. Generally this sur-
face tension is a function of temperature, concen-
tration or electrical potential depending on the na-
ture of the fluid. When a temperature gradient
exists on the interface, the surface tension varies
along the interface, resulting in bulk fluid mo-
tion, called thermocapillary flow. Thermocapil-
lary flow tends to be overwhelmed by buoyancy-
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driven flow in normal gravity, but in the reduced
gravity environment of space it could become an
important driving force [Ostrach (1982)]. Also, it
becomes possible in microgravity to perform con-
tainerless materials processing with less restric-
tions on the size. It was thought that since buoy-
ancy generated transport is considered to be detri-
mental to growth of some high quality crystals
on earth, a microgravity environment offers the
opportunity to grow large and high quality crys-
tals. For this reason, the subject of thermocap-
illary flow has been given much attention in the
last three decades as more opportunities became
available to perform experiments in microgravity.

Since one of the main motivations to go to space
was to perform containerless processing of mate-
rials, a zone-melting technique called float-zone
process was considered to be a promising tech-
nique in microgravity. Because of this history,
thermocapillary convection in a simulated float-
zone configuration, called the half-zone or liq-
uid bridge configuration, has been investigated
extensively in the past [see, for example, Lappa
(2004)]. In this configuration a liquid column
is suspended between two differentially heated
cylindrical walls, as illustrated in Fig. 1. The
present paper focuses on this configuration. The
coordinate system employed herein is also shown
in Fig. 1.

When we discuss the importance of thermocapil-
lary flow in various applications, it is convenient
to use a dimensionless parameter called Prandtl
number (Pr). The Prandtl number is defines as Pr
= ν/α , where ν is the fluid kinemtaic viscosity
and α is the thermal diffusivity. In such applica-
tions as crystal growth from melts, we are deal-
ing mainly with liquids with Pr much less than
unity. For example, Pr of Ge and Si are on the
order of 0.01. Many experiments have been per-
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Figure 1: Half-zone (or liquid bridge) configura-
tion

formed with high Pr fluids, mainly silicone oils
with Pr = 20 – 100, because it is easier to perform
experiments with these fluids. Therefore, we must
consider this wide range of Pr when we discuss
thermocapillary flow.

Because of past work, steady thermocapillary
convection is well understood under various con-
figurations and over a wide range of Pr. It is
known that thermocapillary flow becomes three-
dimensional and time-dependent (usually oscil-
latory) under certain conditions. Although the
subject of oscillatory thermocapillary convection
has important implications to various applica-
tions, our understanding of it is not as com-
plete as with steady convection. For this reason
NASDA (National Space Development Agency
of Japan) assembled a team of scientists in or-
der to perform a comprehensive investigation of
oscillatory thermocapillary flow. The project
was called ‘Marangoni Convection Modeling Re-
search’. Much was accomplished by the group
before NASDA was reorganized as JAXA (Japan
Aerospace Exploration Agency) in 2003. The
group’s main focus now is to perform micro-
gravity experiments on oscillatory thermocapil-
lary flows aboard the International Space Sta-
tion (ISS). The project members, at various times,
are: N. Imaishi, Y. Kamotani, M. Kawaji, H.
Kawamura, H.C. Kuhlmann, S. Matusumoto, K.
Nishino, and S. Yoda. IHI Aerospace Co. is in-
volved in the design and fabrication of the experi-
mental cells. As the lead scientist, the first author
(Kamotani) is supervising the group effort. The
results obtained by the group members have been

reported annually in NASDA Technical Memo-
randa and JAXA Research and Development Re-
port. The present paper is based mainly on the
results obtained so far in this project.

2 Important dimensionless parameters for
thermocapillary flow

As in other fluid flow and heat transfer applica-
tions, it is useful to discuss the results in terms of
dimensionless parameters. As illustrated in Fig.
1, a liquid bridge of diameter D and length L is
considered. We are interested mainly in cylindri-
cal bridge (straight free surface) in the present pa-
per. Temperature difference ΔT = TH −TC is im-
posed across the length of the bridge, where TH

and TC are the hot and cold wall temperatures, re-
spectively. The important dimensionless param-
eters for steady thermocapillary flow in the liq-
uid bridge configuration, in the absence of grav-
ity, are known to be: Marangoni number (Ma=
σT ΔT L/μα), Pr= ν/α , and bridge aspect ratio
(Ar= L/D), where σT is the temperature coef-
ficient of surface tension (absolute value) and μ
is the dynamic viscosity. Ma represents the ratio
of thermocapillary convection to conduction heat
transfer. Instead of Ma, surface tension Reynolds
number (Re) is sometimes used. Re is equal to
Ma/Pr and represents the ratio of inertia to vis-
cous forces of thermocapillary flow.

Another important parameter in the present paper
is related to the heat transfer between the liquid
and the surroundings through the free surface. As
for a dimensionless parameter representing the to-
tal free surface heat transfer rate, Kamotani et al
(2003) uses a parameter based the total heat trans-
fer rate Q, which is called (modified) Biot num-
ber, Bi. Bi is defined as

Bi =
Q

2πkLΔT
(1)

where k is the thermal conductivity of the liq-
uid. The total heat transfer rate can be expressed
as Q = hΔTg(πDL), where h is the average heat
transfer coefficient and ΔTg is the characteristic
temperature difference between the liquid and the
surrounding gas. A conventional Biot number is
usually based on h (e.g. hL/k). If we adopt a con-
ventional Biot number, we must also specify ΔTg
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to compute Q. Instead of specifying two param-
eters, we represent the heat transfer rate by the
above modified Biot number for simplicity. Bi is
defined such that it is positive when heat is lost (or
positive when gained) at the free surface. There
are other parameters which are related to buoy-
ancy, liquid column shape, and onset of oscilla-
tions. They will be introduced in the following
discussion as needed.

From the beginning, our efforts have been split
into three groups covering three different Prandtl
number (Pr) ranges: low Pr range (Pr is of or-
der 0.01), medium Pr range (Pr of order unity),
and high Pr range (Pr above about 10), since the
flow in each Pr range has some unique features.
Therefore, the following discussions are also di-
vided into three different Pr ranges.

3 Development in low Prandtl range

Since Pr is much less than unity in this case, Re
is much larger than Ma. Under the experimental
conditions where the onsets of oscillatory flows
were detected in float-zone melts, Ma and Re are
on the order of 102 and 104, respectively. There-
fore, inertia effects are very important in the os-
cillation phenomenon, and thus Re is the more
appropriate parameter to use than Ma. However,
since Ma is more often used in literature, Ma is
used herein to make comparisons of various re-
sults easier.

Eyer et al. (1984) showed, in their microgravity
experiment with silicon melt, that time-dependent
thermocapillary flow causes microstriations in the
crystal. Since then several experiments were per-
formed on time-dependent thermocapillary flows
in various melts both in microgravity and normal
gravity, including Jurisch (1990) with Mo and Nb,
Levenstam et al. (1996) with Si, Nakamura et al.
(1998) with Si, and Cröll et al. (1998) with GaSb.
There are some studies in the half-zone config-
uration in relatively low temperature [Yang and
Kou (2001) with Sn, and Han et al. (1996) with
Hg]. According to these investigations the critical
Ma for a transition from steady to oscillatory state
ranges from 200 to 900 approximately.

According to linear stability analysis [Wanschura

et al. (1995)] as well as three-dimensional nu-
merical simulations of the flow for low Pr flu-
ids [Imaishi et al. (2001); Lappa, Savino and
Monti (2001); Leypoldt et al. (2005); Gelf-
gat et al. (2005); Lan and Yeh (2005); Lappa
(2005)], the originally axisymmetric steady flow
in the liquid-bridge configuration becomes non-
symmetric, three-dimensional steady flow beyond
a critical Ma (or Re). This critical Ma is called the
first critical Ma or Mac1. This is a result of hydro-
dynamic instability associated with inertia effects
[Wanschura et al. (1995)].

With further increase in the temperature differ-
ence, the flow undergoes a second transition:
the steady three-dimensional flow becomes time-
oscillatory. This transition occurs at the second
critical Ma, Mac2. This is the transition observed
in the aforementioned experiments. The transi-
tion has also been investigated in numerical sim-
ulations [e.g. Imaishi et al. (2001); Leypoldt et
al. (2005)]. The numerically predicted Mac2 is
somewhat smaller than the aforementioned exper-
imental values.

Now that numerical simulation results have be-
come available, one can compare experimental
and numerical results in detail in order to bet-
ter understand the transition process. This was
the motivation of the low Pr research work by
our group. In order to obtain more accurate and
detailed results than the past experiments, JAXA
built a high-vacuum chamber to conduct a liquid
bridge experiment with molten tin (Pr = 0.009).
Tin (Sn) was chosen over Si because it has a lower
melting point (= 505K), which makes it easier to
melt the sample. One important problem with the
Sn experiment was that the melt surface became
covered by tin oxides (SnO and SnO2) easily in
the test temperature range (below 800K). After
much work this problem has successfully been
solved. The setup is illustrated in Figs. 2 and 3. It
is described in detail in Takagi et al. (2001).

A liquid bridge of molten tin is formed in high
vacuum (∼ 10−5 Pa). The zone diameter is vari-
able from 3 to 7 mm and the range of Ar cov-
ered is from 0.4 to 1.1. The top and bottom walls
are made of iron. E-type thermocouples that are
inserted into the bottom cold wall and radiation
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Figure 2: Low Prandtl number experimental facil-
ity at JAXA
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Figure 3: Details of test section of low Prandtl
number facility

thermometers are used to monitor the fluid tem-
perature changes. Imaishi and his group are per-
forming numerical simulations and the staff sci-
entists at JAXA are conducting the experimental
work.

According to Imaishi et al. (2001), Mac1 is about
20 for Pr = 0.01 and Ar = 0.5. However, no ex-
perimental proof of this first transition is avail-
able because it is difficult to detect this critical
point experimentally for two reasons. One rea-
son is that the critical temperature difference be-
tween the walls (ΔTc1) is small. For the exper-

imental system with 5-mm diameter tin, ΔTc1 is
equal to 0.3˚C. The second reason is that since
conduction heat transfer is dominant at the time
of instability, it is difficult to detect the tempera-
ture variation in the azimuthal direction after the
instability. Nevertheless, JAXA succeeded in de-
tecting the transition [Matsumoto et al. (2005)].
The three thermocouples placed on one side of the
liquid bridge have nearly the same readings at first
but they show sudden increases beyond a certain
ΔT (see Fig. 4).
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Figure 4: Typical thermocouple outputs near
Mac1 (Ar = 0.9, ΔTcr = 1.7˚C)

After the change the three thermocouples have
different but nearly steady outputs, within the ex-
perimental noises. This clearly suggests that the
flow structure undergoes a transition from ax-
isymmetric to non-axisymmetric steady flow. The
values of Mac1 determined for various Ar are
compared with the predictions in Fig. 5. The
agreement is reasonable knowing the difficulty in
determining ΔTc1 experimentally.

According to the energy balance analysis by Wan-
schura et al. (1995), the flow becomes unstable
due to shear instability. As in other shear flows,
there exists a large velocity gradient normal to
the main flow direction (the radial direction in
the present flow) so that the disturbance veloc-
ity in the normal (radial) direction destabilizes the
flow when the inertia effects become sufficiently
strong.

With further increase in the temperature differ-
ence, the flow undergoes a second instability:
the steady three-dimensional flow becomes time-
oscillatory. This transition occurs at the second
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critical Ma (Mac2). For Pr = 0.01, Mac2 is about
80

Ar
0.5 0.6 0.7 0.8 0.9 1.0 1.

Fi
rs

t c
rit

ic
al

 M
a

0

10

20

30

40

JAXA data

Computed by Imaishi et al.
(2001) for Pr = 0.01

Figure 5: Measured and computed first critical
Ma

depending on Ar. Since Ma is still small for
convection transfer to be important, the second
transition is also caused mainly by inertia effects.
Since the resultant time-dependent convection has
important implications to crystal growth, it has
been investigated numerically and experimentally
by several investigators in the past, as discussed
above. The present work is intended to obtain ac-
curate experimental data on the oscillatory flow
under controlled conditions.

In the experiments at JAXA, ΔT is increased
slowly, at a rate of about 0.3˚C/min, and the ther-
mocouple outputs are monitored to detect the on-
set of oscillations. Since the thermocouple out-
puts are amplified (5 ×104 times) to increase the
sensitivity, there are inherent noises, so the out-
puts have to be analyzed carefully to identify the
onset of oscillations. As illustrated in Fig. 6 for
Ar = 0.6, relatively high frequency (∼ 1.2 Hz)
oscillations are detected soon after Mac2. They
are followed, with increasing ΔT , by low (∼ 0.02
Hz) and medium (∼ 0.3 Hz) frequency oscilla-
tions. The simulation by Imaishi [discussed in
Matsumoto et al. (2005)] shows the same se-
quence with the corresponding frequencies of 2.5,
0.04 and 0.25 Hz, so they are in reasonable agree-
ment.
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Figure 6: Oscillation patterns after Mac2

The experimental values of Mac2 are compared
with those predicted by simulation for various val-
ues of Ar in Fig. 7. The experimental data scatter
but they are near the predicted values. The predic-
tion shows a peak around Ar = 0.6, but it is diffi-
cult to confirm it within the experimental scatters.
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Figure 7: Measured and computed Mac2

In summary, the present work has accurately iden-
tified the two transitions predicted by stability
analyses and simulations. So far, all the informa-
tion has been gathered by investigating the tem-
perature fields by the thermocouples. It is very
useful to obtain additional information regarding
the velocity fields, since the velocity field under-
goes a larger change than the thermal field af-
ter the instabilities in the ranges of Ma and Rσ
of present interest. Kakimoto et al. (1989) has
used an X-ray radiography technique to visual-
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ize fluid motion in silicon melt. Since this tech-
nique requires relatively large tracers (about 1
mm in diameter), its spatial resolution is not suf-
ficient to detect the onset of oscillations accu-
rately in the present work. Therefore, a novel
three-dimensional ultrasonic visualization (3D-
UV) technique is being developed at JAXA [Mat-
sumoto et al. (2005)]. LiNbO3 (LN) transduc-
ers are used to transmit ultrasonic beams and also
to receive echo beams. The tracers are Fe- and
Ni-plated Shirasu-balloons and they are about 100
μm in diameter.

4 Development in medium Prandtl range

When Pr is of order unity, Ma ≈ Re so that the
inertia and convection effects are on the same or-
der. According to the linear stability analysis by
Wanschura et al. (1995) for Pr = 4 and the nu-
merical simulations work by Leypoldt, Kuhlmann
and Rath (2000) for Pr = 4 and 7, steady flow be-
comes oscillatory beyond a certain Macr with the
appearance of hydro-thermal waves. According
to the energy balance analysis by Wanschura et
al. (1995) for Pr = 4, the flow becomes unstable
due to convection effects. There exists a relatively
large temperature gradient in the radial direction
due to strong convection. When the hydro and
thermal waves propagating in the azimuthal direc-
tion have a certain phase difference, the convec-
tion in the radial direction by the disturbance flow
amplifies the waves if it is sufficiently strong. In
relation to the high Pr case to be discussed later, it
is important to note that the flow in the medium Pr
range becomes unstable in the bulk region, away
from the regions near the hot and cold walls.

Schwabe et al. [e.g. Schwabe et al. (1978),
Preisser et al. (1983), Velten et al. (1989)] ob-
tained extensive data with NaNO3 (Pr = 0.7) and
KCl (Pr = 1) melts. However, since the melting
points of these materials are much above room
temperature (307˚C and 770˚C for NaNO3 and
KCl, respectively), the heat loss from the liquid
bridge by radiation (both internal and surface) and
convection is considerable but it is difficult to es-
timate it accurately. Chun and Wuest (1979) used
alcohol (Pr ∼ 1) but due to its large evaporation
rate it was not possible to obtain steady results.

Therefore, we decided to perform experiments
and analysis in this Pr range under controlled con-
ditions. Kawaji (experiment) and Kuhlmann (lin-
ear stability analysis) of our group are involved in
this work. The experimental work is described by
Kawaji et al. (2000, 2001). Acetone (Pr = 4.3)
and methanol (Pr = 6.8) are used as the test fluids.
Liquid bridges of 5 and 10 mm in diameter are
studied. To reduce the evaporation rates and the
shape changes, the liquid bridges are covered by
a quartz tube with a gap of 2 ∼ 3 mm. However,
the liquids still evaporate slowly. The evaporation
rates are measured: about 0.15 and 0.05 % rela-
tive volume change per second for 5 mm diameter
acetone and methanol bridges, respectively. The
experiment shows that the bridge shape does not
have strong effects on the critical condition, un-
like in high Pr range to be discussed later. There-
fore, the main effect is the evaporation heat loss at
the free surface, which can be calculated from the
evaporation rate. It turns out that this heat loss is
significant, equivalent to Bi of about 5. The values
of ΔTcr were relatively small (less than about 2˚C
for acetone and about 3˚C for methanol), so ΔT
must be measured accurately. The experimental
results with acetone can also be found in Simic,
Kawaji and Yoda (2006).

The measured values of Macr are generally much
larger than the predicted values by linear stability
analysis with a thermally insulated free surface (a
factor of three to five). However, the heat loss
due to evaporation is included in the analysis, its
prediction agrees well with the experimental data
[Nienhuser et al. (2000)]. Since the heat loss is
large, the basic flow is altered significantly. In
particular, the radial temperature gradient is re-
duced by the free surface heat loss. From the in-
stability mechanism discussed above, this reduc-
tion in the radial temperature gradient reduces the
convection effects and thus stabilizes the flow.

5 Development in high Prandtl range

From the beginning of oscillatory thermocapil-
lary flow investigations many experiments have
been performed in liquid bridges of high Pr flu-
ids, such as silicone oils and alkanes, because they
are much less susceptible to free surface contam-
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ination than low Pr fluids, so the experimental
setup is much simpler. A review of earlier stud-
ies is given by Preisser et al. (1983). Experi-
ments with high Pr fluids are often conducted in
room air. Some experiments have been conducted
in microgravity where larger liquid bridges than
normal gravity can be formed [e.g. Monti et al.
(1995)]. Despite all these investigations, our un-
derstanding of the cause of oscillatory thermocap-
illary flow is not complete. This is in contrast to
the situations for low and medium Pr ranges dis-
cussed above, where the causes of oscillations are
well understood based on stability analyses and
simulations.

Kamotani et al. (1998a, 2000) performed mi-
crogravity experiments on oscillatory thermocap-
illary flow with high Pr fluid (Pr ≈ 25) in open
cylindrical containers (see Fig. 8).

Figure 8: Thermocapillary flow experiment in
open cylindrical container

There are many similarities between the oscilla-
tory flow in the half-zone configuration and that
in the cylindrical container configuration, so the
results from the latter configuration are also re-
ferred to herein.

The prevailing idea about the cause of oscillations
is that it is a result of hydrothermal-wave type
instability, as in the medium Pr case [e.g. Wan-
schura et al. (1995)]. If this were the case, the crit-
ical condition will be specified by Macr. However,
available data taken in normal- and micro-gravity
show that Macr increases substantially with in-
creasing liquid diameter, for a given Ar and Pr.
Some available data of Macr are plotted against
the liquid bridge length in Fig. 9. The figure
shows that Macr varies by an order of magni-
tude. This should not occur if Ma, Ar, and Pr
are the only important parameters. Since it takes

a longer time to get a steady state with increas-
ing bridge size, one can argue that the data for
large bridges, which are taken in microgravity,
may not be steady-state values, because the exper-
imental time is limited in microgravity. However,
the data taken by Kamotani et al. (1998a, 2000) in
open cylindrical containers show the same trend,
namely Macr increases with container size. In
their microgravity experiments, care was taken
to determine Macr under steady conditions. Ap-
parently, some additional features must be con-
sidered to explain the oscillation phenomenon in
high Pr fluids. Whether this additional feature
just modifies the linear stability concept or intro-
duces a new oscillation mechanism is still being
debated.
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umn height

One important aspect of thermocapillary flow of
high Pr fluid is that convection is strong when Ma
is in the range where the flow is found to become
oscillatory. Due to strong convection, the tem-
perature distribution along the free surface, which
is directly related to the thermocapillary driving
force, is modified by the flow. Some numeri-
cally computed free surface and temperature dis-
tributions at various Ma (discussed in Kamotani
and Ostrach (1998b)) are shown in Fig. 10. As
Ma increases, the temperature gradient near the
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hot wall (near z/L = 1) increases, and eventu-
ally the driving force is confined to a relatively
small region next to the hot wall. This region
is called hot corner. There is also a cold cor-
ner (near z/L = 0) where the surface temperature
gradient is also large (see Fig.10), but since the
flow is driven right to the cold wall, the driving
force in the cold corner is not effective in driv-
ing the whole flow. Therefore, the flow is driven
mainly in the relatively small hot corner. One as-
pect of hot-corner driven flow is that the flow re-
mains viscous-dominated even when Re is large
[Kamotani and Ostrach (1998b)].

This appearance of hot corner near the critical
condition is unique for high Pr fluid. To show
this, the computed surface velocity and temper-
ature distributions are shown in Fig. 11 for three
cases corresponding to the conditions near the on-
set of oscillations for three different Pr fluids. As
seen in

Fig. 11, except for the high Pr case (Pr = 30), one
does not see concentrated driving force near the
hot wall.

As discussed earlier, the flow in the low and
medium Pr range becomes unstable in the bulk re-
gion. In contrast, available experimental evidence
suggests that the flow in high Pr range becomes
unstable starting from the hot corner. Apparently,
the observation that the cause of oscillations for
high Pr fluid is more complex than that for low
and medium Pr fluid is related to this fact.

Because of the hot corner and for other reasons
it is difficult to perform linear stability analysis
or conduct direct numerical simulations of oscil-
lations accurately at high Pr. The linear stability
work by Wanschura et al. (1995) covers up to Pr
= 4 and the simulation work by Leypoldt et al.
(2000) goes up to Pr = 7. In the simulation work
by Sim and Zebib (2004), the oscillations are in-
vestigated for Pr = 27. However, their predicted
Macr, 5.7×103 for Ar = 0.7, is much smaller than
available experimental data. In our group, Kawa-
mura and his co-workers are conducting simula-
tions at high Pr . Their simulation work is per-
formed at Pr = 28 [Hashimoto et al. (2003, 2005)].
The work includes dynamic free surface deforma-
tion. The predicted Macr for Ar = 0.5 is 3.03×104
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Figure 10: Computed temperature and velocity
distribution along free surface for large Pr fluid

and 3.24 ×104, with and without dynamic free
surface deformation, respectively [Hashimoto et
al. (2005)]. The accuracy of this prediction will
be discussed later.

Kamotani et al. (1984) and Masud et al. (1997)
have discussed various contradictions when Macr

is used to specify the critical conditions in the
liquid-bridge configuration. They also found sim-
ilar contradictions for oscillatory thermocapillary
flow in open cylindrical containers [Kamotani et
al. (1992,1998a, 2000)]. These studies sug-
gested a need for a different oscillation mech-
anism from the hydrothermal-wave instability.
Based on the analyses of various experimental
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data as well as theoretical studies, Kamotani and
Ostrach (1998b) hypothesized the importance of
dynamic free surface deformation in the oscilla-
tion mechanism. The dynamic free surface defor-
mation is relatively small during oscillations, so
its effect is neglected by other researchers. How-
ever, since the main driving force is confined to a
small hot corner, as discussed above, it is possi-
ble to affect the region significantly even by small
free surface deformations. The basic concept is
that the dynamic free surface deformation affects
the thermal boundary layer development in the hot
corner in a transient situation, which changes the
driving force and the flow field. The flow field
changes in such a way that the surface deforma-
tion is amplified, resulting eventually in oscilla-
tions. This three-way non-linear coupling among
the deformation, velocity and temperature fields is
considered to be the cause of oscillations. Since
it is very difficult to vary the dynamic free sur-
face deformation in a controlled manner experi-
mentally and study its effect on the onset of oscil-
lations, a direct proof may not be possible. How-
ever, there are various ways, albeit indirect, to val-
idate this hypothesis, as discussed below.

Based on the three-way coupling hypothesis,
Kamotani and Ostrach (1998b) derived a parame-
ter called S-parameter. It is defined as

S =
σT ΔT

σ
1
Pr

Ma3/14 (2)

The S-parameter represents the dynamic free sur-
face deformation relative to the thermal bound-
ary layer thickness in the hot corner in a transient
thermocapillary flow. They also derived a simi-
lar parameter for the cylindrical container config-
uration [Kamotani, Ostrach and Masud (2000)].
The S-parameters seem to correlate various data
on the onset of oscillations reasonably well, both
in the liquid bridge and circular container config-
urations.

Another way to check the validity of the three-
way coupling is to check their phase relations. In
order for this coupling to cause oscillations, three
components must maintain certain phase relations
during oscillations in the hot corner. Those phase
relations have been investigated by Nishino et al.
(2000, 2001, 2005) in normal gravity. However,
as discussed later, experiments at room tempera-
ture are very much affected by the heat transfer
at the free surface. How the three-way coupling
is affected by the heat transfer is not well under-
stood. The free surface heat transfer is mainly
caused by the natural convection air around the
liquid bridge. Therefore, microgravity tests are
needed to investigate this phase relationship accu-
rately since the free surface heat transfer is much
suppressed in microgravity.

The work by Kamotani and Ostrach (1998b) pre-
dicts how the amplitude of surface deformation
just after the onset of oscillations changes with
the liquid bridge diameter. This aspect is investi-
gated also by Nishino et al. Since one can perform
experiments in normal gravity only with small
bridges, they can cover a limited range of diam-
eter. Although the data by Nishino et al. appears
to support the scaling law of Kamotani and Os-
trach (1998b), we need to cover a wider range of
diameters, in microgravity, to validate the scaling
law accurately.

It should be mentioned that the importance of dy-
namic free surface deformation is still being de-
bated [e.g. Kuhlmann and Nienhuser (2002)].
Therefore, more work is needed to validate, or
disprove, the three-way coupling hypothesis. Mi-
crogravity tests are needed to do this. For this
reason our group is scheduled to perform high Pr
experiments aboard the ISS, as will be discussed
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later.

It has been found recently that the onset of os-
cillations is very sensitive to the heat transfer at
the free surface [Kamotani et al. (2001a, 2003)].
In a typical test at room temperature, the average
temperature of the liquid is higher than the sur-
rounding air temperature so that heat is lost from
the free surface. The heating and cooling arrange-
ment of the experiment causes natural convection
around the liquid bridge. Since this convection
is relatively weak, its effect had been neglected
earlier. However, in the experiments in which
the free surface heat transfer is altered in various
ways, Kamotani et al. (2003) found that the crit-
ical conditions change substantially. It is shown
that the oscillatory flow is greatly affected by sim-
ply placing a thin disk around the liquid bridge
(without touching it). Since the viscosity ratio be-
tween the surrounding air and the liquid is very
small (about 0.005 ) but the thermal conductivity
ratio is not so small (about 0.23), the effect of air
motion change observed experimentally is not a
hydrodynamic one but a thermal effect. Clearly,
the oscillation mechanism for high Pr fluid is ex-
tremely sensitive to the free surface heat transfer.

It is very difficult to measure the free surface heat
transfer rate accurately with small liquid bridges,
so Kamotani et al. (2003) computed the heat
transfer rate by simulating the airflow at the exper-
imental conditions numerically. Bi is determined
based on this simulation.

Typical results are presented in Fig. 12, where
Macr is plotted against Bi. As the figure shows,
Macr decreases with increasing Bi (or with in-
creasing heat loss). Macr becomes as small as
about 6,000 when Bi is about 0.7 and remains at
this value when Bi is increased further. It can be
shown that even at Bi = 0.7, the total heat loss is
only 30% of the overall heat transfer rate through
the liquid. Fig. 12 shows that in a relatively small
range between Bi = 0.3 and 0.7, Macr changes by
several factors. The oscillation mechanism must
explain this high sensitivity to the heat loss.

Bi is around 0.5 in a typical room temperature
test, which means that many past experiments
were significantly affected by the heat loss. When
the heat loss is negligible (Bi less than about 0.3),

Bi
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Figure 12: Critical Ma as a function of Bi

Macrseems to approach a constant value. How-
ever, Fig. 12 suggests that the asymptotic value
of Macr depends on the diameter (suggesting that
Ma is not the proper critical parameter) and Pr.
For Pr = 24-28, Macr is above 2×104 but below
3× 104 depending on the diameter. The afore-
mentioned prediction by Kawamura’s group is
near this range.

Why is the critical condition affected by the heat
loss? In the case of medium Pr discussed earlier,
Macr increases with increasing Bi (increasing heat
loss) as the heat loss reduces the radial tempera-
ture gradient in the bulk region. In the numerical
simulation work by Sim and Zebib (2004), Macr

is shown to increase with increasing Bi. However,
the experimental results exhibit an opposite trend.
As discussed above, the hot corner is more im-
portant than the bulk region for the oscillations in
high Pr fluid, so the heat loss effect is not straight-
forward. The opposite trend may be explained by
the fact that the heat loss increases the overall free
surface temperature gradient, which increases the
surface velocity. The work by Kawamura’s group
has shown that Macr indeed decreases with in-
creasing heat loss when Macr is around 2× 104.
This trend at relatively high Ma is caused by in-
creased inertia forces due to increased velocity.
However, Macr in Fig. 12 becomes much smaller
so that the inertia forces are less important. It can
also be shown that the surface velocity near the
critical condition at Bi = 0.7 is actually slower
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than that at Bi = 0.2. Therefore, increased sur-
face velocity alone cannot explain the experimen-
tal trend of Fig. 12.

The fact that the oscillation mechanism is highly
sensitive to a small change in the free surface
heat transfer may be explained by the oscillation
mechanism based on dynamic free surface defor-
mation. If the dynamic free surface deformation,
which is also small, is important, it is possible
that the heat transfer affects the free surface de-
formation significantly, and consequently the crit-
ical condition is very sensitive to the heat transfer.
Based on this concept, the data in Fig. 12 are re-
plotted in terms of S-parameter in Fig. 13. In the
figure, Bi is modified by Pr1/2.
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Figure 13: Critical S-parameter as a function of
heat loss parameter

According to Kamotani et al. (2003), in a tran-
sient situation, the free surface heat transfer and
the dynamic deformation interact as the latter
affects the thermal boundary layer development
along the free surface in the hot corner. The ra-
tio of the deformation to the thermal boundary
layer development is represented by Pr1/2. There-
fore, as Pr1/2 increases, the deformation proceeds
faster so that the thermal boundary layer, or the
heat loss effect, is confined to a smaller layer and
thus its effect is less. This is why Bi is modified
by Pr1/2 in Fig. 13. The S-parameter seems to
correlate all of the experimental data well.

Although the various trends of the critical data

may be explained by the free surface heat trans-
fer and the dynamic free surface deformation, it
is found that the oscillatory thermocapillary flow
in open cylindrical dishes, where small dynamic
free surface deformations seem to play an impor-
tant role, is much less sensitive to the free surface
heat loss. It is known that the critical condition
is sensitive to the liquid bridge shape, called the
shape effect [Masud et al. (1997)]. By decreas-
ing the volume of the liquid, the bridge shape be-
comes concave. There are two branches: when
the surface is neatly straight, Macr increases with
decreasing volume (increasing concavity), called
the hot branch, and when the volume is below
a certain value, Macr is reduced to a relatively
small value, called the slender branch. It has been
shown that the above sensitivity to the free surface
heat loss occurs only in the fat branch [Kamotani
et al. (2001b)]. The critical condition in the slen-
der branch is much less sensitive to the heat trans-
fer. So, under certain situations, the critical condi-
tion is very sensitive to the free surface heat trans-
fer but in other situations, the critical condition is
hardly affected by it. At present we do not have
a satisfactory explanation to this conflicting ef-
fect. Clearly more work is needed to understand
this free surface heat transfer effect under various
conditions. Otherwise, the cause of oscillations in
high Pr fluids will remain unsolved.

As discussed above, there are some unanswered
questions concerning the cause of oscillations for
high Pr fluid. For this reason this group is sched-
uled to perform experiments aboard the ISS in
near future. It will use the Fluid Physics Experi-
ment Facility (FPEF) in the Japanese Experiment
Module (JEM). The main objectives of the exper-
iments are: (i) to determine the critical conditions
under various conditions (variable diameter, Ar
and liquid bridge shape), (ii) to investigate the na-
ture and extent of dynamic free surface deforma-
tion and its role in the oscillation mechanism, and
(iii) to study the effect of free surface heat loss.

In this regard, scientists from Europe and Japan
are working together to formulate and design
some experiments on thermocaipllary flows using
the Fluid Science Laboratory (FSL) in the Colum-
bus Module and FPEF of ISS. So, thermocapillary
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flow remains to be an interesting subject.

6 Conclusions

Recent developments in oscillatory thermocap-
illary flows in liquid bridges are reviewed. A
group of investigators worked together to study
the cause of oscillatory thermocapillary flows
over a wide range of Pr. The cause of oscillations
can be explained except in high Pr range, where it
seems we need to consider some new features to
explain the trends of available experimental data.
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