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Abstract We focus on unique phenomena known as parti-
cle accumulation structure (PAS), especially on the condi-
tions of the existence for second-type spiral loop PAS (SL-2
PAS) and on their formation processes under normal grav-
ity. We investigate the existence conditions as functions the
aspect ratio of the liquid bridge and the Marangoni number,
the intensity of the thermocapillary effect. We discuss the
differences among SL-1 PAS, SL-2 PAS and the flow field
without PAS through observation of the solid-like struc-
tures of the PAS in a rotating frame of reference with the
hydrothermal wave, and through monitoring of the surface
temperature by infrared camera. We evaluate the forma-
tion time of PAS by employing a modified accumulation
measure by considering the effect of the particles’ size.
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Introduction

A difference in surface tension over a free surface due to
a difference in temperature realizes a convective motion
of a fluid if the temperature coefficient of surface ten-
sion is not zero. Such an induced flow is generally called
thermocapillary-driven convection by the thermocapillary
effect. This effect becomes more significant under micro-
gravity and microscale conditions, where the buoyancy
effect can be almost excluded. There have been a num-
ber of studies on the induced convection in a half-zone
(HZ) liquid bridge, which is suitable for the study of the
thermocapillary effect. In the HZ liquid bridge, where the
liquid is held between two cylindrical coaxial rods, with
the top rod heated and the bottom rod cooled, the convec-
tion emerges as a result of the thermocapillary effect over
the free surface. The intensity of the thermocapillary flow
is generally described by the non-dimensional Marangoni
number, defined as

Ma = |σT |�T H

ρνκ
= Re · Pr,

where σT is the temperature coefficient of the surface ten-
sion σ of the fluid; �T (= TH − TC) is the temperature
difference between the top rod at TH and the bottom rod at
TC; H is the height of the liquid bridge; ρ, ν, and κ are the
density, kinematic viscosity, and thermal diffusivity of the
fluid, respectively. The Marangoni number is described as
the product of the thermocapillary Reynolds number Re and
the Prandtl number Pr (= ν/κ).
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It has been known that a three-dimensional time-
dependent flow (‘oscillatory flow’) occurs from a two-
dimensional time-independent flow (‘steady flow’) when
the temperature difference exceeds the threshold in the case
of high Prandtl number fluid (Wanschura et al. 1995). The
oscillatory flow has a modal structure in azimuthal direc-
tion, whose azimuthal modal number is described here by
m. The flow fields are generally visualized by adding tiny
particles as the tracers in the experiments, and the oscilla-
tory flows can be categorized into regimes by the patterns
of the particles suspended in the bridge observed through
the top rod (e.g., Hirata et al. 1997; Ueno et al. 2003).
Figure 1 illustrates typical examples of the top views of
the flow patterns as a function of the temperature differ-
ence. Each image indicates the path lines by integrating
frames (as conducted by Kuhlmann et al. (2014) and Gotoda
et al. (2015)). Frame (a) indicates the steady flow (inte-
grated for 5 second), in which the particles move only in the
r-z plane; one cannot detect any azimuthal motion of the
particles. And there exists a ‘particle-free zone’ in the inte-
rior region near the center of the bridge (Ueno et al. 2003),
where the particles never penetrate in the flow. This region
is also called ‘depletion zone’ (Kuhlmann et al. 2014). As
increasing the temperature difference, the flow exhibits a
transition to the oscillatory flows (frame (b) and (c) drawn in
the rotating frame of reference with the hydrothermal wave
(integrated for 5 second)), and the particles form morpho-
logical structures with an azimuthal mode number (m = 3
in this case). Under the smaller temperature difference
above the threshold, the particles still travel in outer region
of the liquid bridge but disperse in the azimuthal direc-
tion. The depletion zone exhibits a triangle shape under this
condition. Under the larger temperature difference, on the
other hand, particles segregate such that their distribution
becomes inhomogeneous and, eventually, time-independent
in the mean. This unique phenomenon is called the ‘par-
ticle accumulation structure (PAS)’, which was named by
Schwabe et al. (1996) and Tanaka et al. (2006) successfully

reproduced the PAS, and firstly indicated two fundamental
shapes, which they named the SL-1 PAS and SL-2 PAS de-
pending on the structure by the particles accumulation (Fig. 2).

Much has been known about the SL-1 PAS because
it has been the main subject of previous studies. These
studies undertook experiments to examine the conditions
under which the SL-1 PAS is formed as functions of the
Marangoni number, the liquid-bridge aspect ratio (Tanaka
et al. 2006; Schwabe et al. 2007; Gotoda et al. 2015), the
volume ratio (Abe et al. 2007; Melnikov et al. 2014; Watanabe
et al. 2014), and the different particle sizes (Schwabe et al.
2006, 2007; Gotoda et al. 2015. The formation time of the
PAS has also been focused by several groups (Schwabe et al.
2007; Kuhlmann and Muldoon 2012; Gotoda et al. 2015)

Focusing on the main mechanism of PAS formation, two
models have been proposed by different groups. Pushkin
et al. (2011) proposed ‘phase locking’ considering the effect
of inertia and the ‘synchronization’ of finite-size particles
and the flow field by hydrothermal wave instability. It was
suggested that the presence of a phase-locking region with
respect to the frequency of the particle turnover motion
and the wave oscillation frequency (Melnikov et al. 2013).
On the other hand, Hofmann and Kuhlmann (2011) pro-
posed the ‘particle free–surface interaction (PSI)’ model,
which assumed that the PAS is caused by particle-boundary
interaction. Their group focused on that interaction length
and investigated the various shapes of the PAS (strange PAS,
tubular PAS, line-like PAS and period-doubled PAS) under
the effects of thermocapillary Reynolds number and Stokes
number (corresponding to the size of particles) by numer-
ical simulations (Mukin and Kuhlmann 2013; Muldoon
and Kuhlmann 2014). Further they employed an analytical
model that the flowwas a semi-quantitative approximation of
the hydrothermal waves and evaluated the formation of PAS
quantitatively (Kuhlmann and Muldoon 2012; Muldoon and
Kuhlmann 2013). Muldoon and Kuhlmann (2016) clari-
fied the relative importance of inertia and particle–surface
interaction for Pr = 4.

Fig. 1 Typical example of flow
fields as viewed from above
when � = 0.68 and (a) Ma =
1.3×104 (for 5 s), (b) Ma =
2.7×104 (for 5 s), and (c) Ma =
3.0×104 (for 5 s). Noted that the
frames (b) and (c) indicate the
image obtained in the rotating
frame of reference regarding to
the hydrothermal wave. The
rotating direction of the
hydrothermal wave in frames
(b) and (c) is counterclockwise
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Fig. 2 Snapshots of particle
accumulation as viewed from
above (top row) and from the
side (bottom row) for (a) SL-1
PAS when Ma = 4.7×104 and
(b) SL-2 PAS when Ma =
5.8×104. The direction of the
hydrothermal wave is
counterclockwise for both cases
in the top row, and is from right
to left in the bottom row

Although there have been many studies of the PAS, the
SL-2 PAS has not been examined as much as the SL-1
PAS because its structure is more complicated and there-
fore does not arise so easily. Tanaka et al. (2006) determined
the conditions under which the PAS arised by changing the
aspect ratio of the liquid bridge and also the temperature
difference. They conducted a series of experiments under
conditions of the ambient temperature at about −20 ◦C in
order to realize a large temperature difference while sup-
pressing the evaporation of the fluid. Schwabe et al. (2007)
identified the SL-2 PAS of m = 2, by using n-decane (Pr
= 15) as the test fluid. Niigaki and Ueno (2012) evaluated
the velocities of particles forming the SL-2 PAS of m = 3
by applying three-dimensional particle tracking velocimetry
(3D-PTV). Very few researches by numerical simulation nor
theoretical modeling, on the other hand, have been under-
taken. Kuhlmann and Muldoon (2013) predicted the SL-2
PAS of the mode number m = 2 on a chaotic streamline
in the bridge by employing a model flow. They noted that
the four loops formed in their model were not symmetrical,
which was similar to the experimental observation of the
SL-2 PAS of m = 3 (Niigaki and Ueno 2012).

In this study, we focus on the SL-2 PAS, especially on the
conditions under which it occurs, the formation time, and
the surface temperature variation to distinguish their unique
structure comparing to those of SL-1 PAS. Moreover, we
evaluate the time required for the distributed particles to
accumulate on the PAS by using a modified ‘accumulation

measure’ K(t), that was originally proposed by Kuhlmann
and Muldoon (2012). Further, we compare our results with
those for the SL-1 PAS by Gotoda et al. (2015), which
were obtained by the same criterion. Additionally, we ana-
lyzed the surface temperature of the liquid bridge by using
an infrared (IR) camera to indicate the spatial correlation
between the surface temperature distribution due to the
hydrothermal wave and the SL-1 and SL-2 PASs.

Experiment

Figure 3 shows the experimental apparatus. This is almost
the same as that used by Gotoda et al. (2015). The upper
rod is made of sapphire that has a high thermal conductiv-
ity and that allows us to observe the liquid bridge through
the rod. The bottom rod is made of aluminum, whose edge
is sharpened and side wall is chemically coated in order
to prevent leakage of the fluid. In the present system, we
prepare a bottom rod with a tiny channel at the center, to
which a tube and syringe pump are connected. This setup
allows us to inject the test fluid though the bottom rod. The
temperature of the bottom rod TC is held at 20 ◦C by a
cooling channel. The upper rod is heated by thin electric
wire that is connected to a temperature controller with full
closed loop proportional-integral-derivative (PID) control in
order to maintain designated TH. The flow field is visual-
ized by adding gold-coated acrylic particles as tracers, and
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Fig. 3 Experimental apparatus

is recorded from above through the top rod and from the
sides by two CCD cameras simultaneously. The whole liq-
uid bridge is illuminated by cold light sources. Thus the
detected images through the top rod indicate the projected
images in the whole liquid bridge; it is impossible to distin-
guish the position in height of each particle with this setup.
The frame rate of the CCD cameras is of 60 Hz and the
exposure time is kept constant at 1/125 s. We install a coax-
ial external shield around the liquid bridge in order to align
the thermal boundary conditions in the same way as in pre-
vious studies. The shield is provided with some small holes
through which we introduce particles into the liquid bridge.
We use the IR camera with a sampling rate of 500 Hz to
measure the surface temperature of the liquid bridge. In this
case, the shield is not installed.

The radius of the rod, R, is of 2.5 mm. The aspect ratio,
� = H /R, is set to 0.64, 0.66, and 0.68, where H is the
height of the liquid bridge. We vary the height of the liquid
bridge to change the aspect ratio. Through the experiments,
we fix the volume ratio V /V0 at unity, where V is the liquid
bridge volume and V0 the volume between the coaxial disks
(= πR2H). Even a minute loss of test liquid by evapora-
tion can be compensated by supplying test liquid through
the bottom rod from a micro syringe which is installed in a
fine syringe pump in order to keep the liquid-bridge volume
constant. The volume of the liquid bridge is evaluated from
the images detected by the CCD camera from the side; we
detect the position of the free surface, and evaluate the vol-
ume of the liquid bridge by accumulating thin cylindrical
‘disks’ of one pixel in height. The test fluid is 2-cSt silicone

oil, whose Prandtl number is of 28.6 at room temperature.
The properties of the test fluid are listed in Table 1. We
employ particles of different sizes; particle diameter dp is of
5, 10, 15, and 30 μm, whose density ratio ρp/ρf is of 3.4,
2.5, 2.0, and 1.7, respectively, where ρp indicates the density
of the particle and ρf the density of the test fluid. Density
ratio has a scatter of ± 0.34. The Stokes number, St defined
as follows, ranges between 1.62×10−6 and 29.6×10−6

St = ρpd
2
p

18ρfH 2

We employ the ‘accumulation measure’K(t) originally pro-
posed by Kuhlmann and Muldoon (2012) to quantitatively
evaluate the process whereby the PAS is formed. We fol-
low Gotoda et al. (2015) in order to evaluate K(t) from the
images detected through the top rod. That is, we divide the
rectangle region covering the periphery of the heated disk
into 50×50 cells of the same size. Each cell consists of 7×7
pixels. We then evaluateK(t) defined as follows;

K(t) = 1

2(Np − N)

Ncells∑

i=1

∣∣Ni(t) − N
∣∣

whereNp is the number of particle pixels (the white part),N
is the average number of particle pixels in each cell, Ni(t)

is the number of particle pixels in the i-th cell at time t ,
and Ncells is the total number of cells. In our experiment,
we define the number of pixels in white as the number of
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Table 1 Physical properties of the test fluid (2-cSt silicone oil) at
25◦C

ρ[kg/m3] ν[m2/s] κ[m2/s] σ [N/m] σT [N/(m·K)]

8.7×102 2.0×10−6 7.12×10−8 18.3×10−3 −7×10−5

particles that can be obtained from the image captured from
above. It should be noted that, different from numerical
simulation, Np is not constant within the measuring period
because the particles are counted in the projected image as
aforementioned; there exist some particles invisible due to
the overlapping and the sedimentation of the particles in
the liquid bridge. By observing the process whereby SL-2
PAS is formed, we are able to quantitatively evaluate when
the PAS would be formed again from the dispersal of the
particles in the liquid bridge. We disperse the particles by
disturbing the flow field in the liquid bridge with a thin wire
inserted through the free surface. We define t = 0 as the
instant when the wire is removed from the liquid bridge. It is
noted that the flow rarely exhibits a standing-wave oscilla-
tion comparing to a traveling-wave oscillation right after the
removal of the disturbing wire. We adapt the results only in
the case of traveling-wave oscillation emerges in the bridge.

Results & Discussion

Figure 4 shows axial views of the accumulation patterns
obtained by averaging over 500 frames with a rotating
frame of reference with the fundamental frequency of the

hydrothermal wave for each Marangoni number under � =
0.68 and dp = 15 μm. Noted that integrated time corre-
sponds to 12/f0 for each case, where f0 is the fundamental
frequency of the hydrothermal wave. Each image shows
the PAS and toroidal core as introduced by Tanaka et al.
(2006) clearly. The net flow direction of the particles on
the PAS is clockwise for each case, so that the rotating
direction of the hydrothermal is counter-clockwise. Frames
(a) and (c) indicate the SL-1 PAS and SL-2 PAS, respec-
tively, and frame (b) the combination of the SL-1 and SL-2
PASs. In the case of SL-1 PAS (frame (a)), one can detect
the toroidal core accompanying the SL-1 PAS as introduced
by Tanaka et al. (2006). One can also detect another struc-
ture of the particles winding around the core (as shown as
(*) in frame (a)). The PAS, toroidal core and the wind-
ing particles’ structure exhibit quite similar structures of
Kolmogorov-Arnold-Moser (KAM) tori, T3

3, Tcore and T9
3,

respectively, as predicted by Mukin and Kuhlmann (2013).
These relevant structures were also indicated by Kuhlmann
et al. (2014). In the case of SL-2 PAS (frame (c)), we suc-
cessfully observe the same structure as Tanaka et al. (2006)
firstly indicated; the PAS consists of the three major blades
in the azimuthal direction, and additional looped structure
emerges near the tip of each blade. One can hardly find par-
ticles forming the toroidal core nor the winding structure
around the toroidal core as seen in the case of SL-1 PAS.
It should be noted that there exist a larger number of parti-
cles sedimented on the bottom surface than the case of SL-1
PAS. Between the fully developed SL-1 PAS and SL-2 PAS,
one can detect the combination of those structures (frame
(b)), which was firstly indicated by Tanaka et al. (2006).

Fig. 4 Axial views of
accumulation patterns obtained
by averaging over 500 frames
with the fundamental frequency
of the hydrothermal wave when
� = 0.68 and the particle size
dp = 15 μm, for (a) SL-1 PAS
at Ma = 5.0×104 (the exposure
time �t is about 10 s, and the
fundamental frequency f0 =
1.43 Hz), (b) combination of SL-
1 & 2 PASs at Ma = 5.4×104

(�t ∼ 12 s, f0 = 1.46 Hz) and
(c) SL-2 PAS at Ma = 5.8×104

(�t ∼ 11 s, f0 = 1.38 Hz), (d)
no PAS at Ma = 6.4×104



268 Microgravity Sci. Technol. (2017) 29:263–274

Two different structures coexist with the same frequency for
traveling in the azimuthal direction. Beyond the SL-2 PAS
by further increasingMa, no more distinguishable structures
like PAS are formed inside the liquid bridge; the particles
disperse and rarely form ordered structures. Frame (d) in
this figure shows successive images concerning ‘no PAS’ in
the absolute frame detected through the top rod. Under such
conditions, few particles occasionally accumulate on a part
of PAS but do not form the fully-developed PAS even after
long-enough waiting time. Even changing the particles’ size
considering in the present study, no PAS or ordered struc-
tures emerge in the liquid bridge. The particles’ behavior
seems rather chaotic as discussed by Ueno et al. (2003) and
Matsugase et al. (2015). If one increases the temperature
difference between the rods or the Marangoni number, the
hydrothermal wave with an ordered structure collapses and
no periodic flow field is observed inside the liquid bridge.
Thus there exist no more KAM tori to attract the particles,
resulting in the situation with almost no PAS as shown in
Fig. 4(d). The temperature distribution over the free surface
in this case as well as the cases with clear PASs will be
illustrated later with Fig. 10.

Figure 5 illustrates the conditions under which the distin-
guishable PAS is formed for a particle diameter of 15 μm.
Rectangular mark indicates the occurrence of SL-1 PAS,
double circle indicates the SL-2 PAS, and triangle the com-
bination of SL-1 and SL-2 PASs. Cross mark indicates the
condition under which the PAS does not arise as indicated
in Fig. 4(d) as an example. This graph indicates the aspect
ratio � = 0.64 is the optimum condition under which the
SL-1 PAS fully emerges. Additionally, as the aspect ratio
is larger, the existence condition shifts to the region with
lower Ma. Under � = 0.66, after SL-1 PAS occurs, the
combination of SL-1 and SL-2 PASs occurs. It is found that
the aspect ratio � = 0.68 is the optimum condition under
which the SL-2 PAS fully emerges. Comparing to Tanaka

Fig. 5 Map of the particle behaviors in Ma (Marangoni number) - �

(aspect ratio) diagram in the case of particle size dp = 15 μm

et al. (2006), the SL-2 PAS appears in a narrower range of
conditions in terms of Ma. This might be due to the larger
temperature difference under the ambient air temperature
of 20 ◦C, which leads more evaporation of the silicone oil
than the experiments conducted in the refrigerator (Tanaka
et al. 2006). Furthermore, another difference is the temper-
ature of the cold rod. It has been known that the flow field
and its transition point from two-dimensional steady flow to
three-dimensional oscillatory flow are significantly affected
by heat transfer between the liquid bridge and the ambient
gas (Kamotani et al. 2003; Wang et al. 2007; Ueno et al.
2010; Yano et al. 2016). The heat transfer between the liquid
bridge and the ambient gas does depend on the tempera-
ture of the cold rod because the characteristic temperature
of the liquid bridge varies as the cold-rod temperature. Thus
the flow field varies under the identical Marangoni number
(temperature difference) as long as we change the tempera-
ture of the cold rod. The dependence of the either cold-rod
temperature or ambient gas temperature on the SL-2 PAS
formation, however, is not discussed because the topic of
this paper would be scattered.

Figures 6 and 7 show typical examples of K(t) and the
subsequent images that show the process whereby the PAS
forms under Ma = 5.8× 104, respectively. Frames (a) to
(d) indicate the results with the particles of (a) 5 μm, (b)
10 μm, (c) 15 μm and (d) 30 μm in diameter, respectively.
The non-dimensional time t* is defined as the dimensional
time t over the thermal diffusion time τ (= H 2/κ) as intro-
duced by Gotoda et al. (2015). Under the current condition
the thermal diffusion time τ is of 40.6 s. At first, we focus
on the results for (b) and (c) under which the PAS clearly
emerges. The value ofK(t) converges as time elapses, in the
same way as in the simulation performed by Kuhlmann and
Muldoon (2012) and as in the experiment by Gotoda et al.
(2015). By comparing the series of images, as the value of
K(t) increases as the particles accumulate to form the PAS.
It is detected that the PAS apparently forms relatively earlier
(t*∼0.2) in the liquid bridge than in the case of SL-1 PAS
indicated by Gotoda et al. (2015). That is, more particles
are forming the PAS comparing to the case of SL-1 PAS. At
this stage, there exist particles not on the PAS in the liquid
bridge. As time elapses, the particles gradually gather along
the PAS and also travel in the toroidal core, and the fully
developed state is realized at around t*∼ 1.0. After t*∼1.0,
the value ofK(t) converges, and the image captured through
the top rod shows almost the same pattern as which the SL-
2 PAS is fully formed. For (a) and (d), on the other hand,
the values of K(t) do not converge. In the series of images
obtained with a particle size (d) dp = 30 μm, the parti-
cles are scattered in the liquid bridge and do not accumulate
on the PAS. Such situation was reproduced by the simula-
tion (Kuhlmann and Muldoon 2012). These results indicate
that the conditions under which the SL-2 PAS occurs also
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Fig. 6 Typical examples of the
temporal variation of K(t) in the
formation process of SL-2 PAS
when Ma = 5.8×104 in the case
of (a) dp = 5 μm, (b) dp = 10
μm, (c) dp = 15 μm, and (d)
dp = 30 μm. Note that the time
t* is indicated in thermal unit
(t* = t /(H 2/κ))

change by changing the particle size. It is noted that, under
the condition of �T = 48 K and dp =30 μm, the parti-
cles are not able to accumulate to form the PAS. This can be

explained by considering there are no KAM tori formed in
the liquid bridge. A few particles accumulate occasionally
in the liquid bridge that seems a part of the PAS. In the case

Fig. 7 Successive images of the
reformation process of SL-2
PAS after the disturbance under
� = 0.68 and Ma = 5.8×104

with particles of (a) dp = 5 μm,
(b) dp = 10 μm, (c) dp = 15
μm, and (d) dp = 30 μm
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of (a) the particles of 5 μm in diameter, we surely have the
SL-2 PAS, and, at the same time, we find many particles in
the liquid bridge not on the PAS. We would have a variation
of K(t) under the current evaluation process if there exist
particles not on the PAS, whose distribution would change
as time elapses even after the PAS is apparently formed.
Therefore, the value of K(t) keeps increasing and dose not
saturate in the range of 0 <t*< 3. This is a result of the par-
ticles whose density is much heavier than that of the fluid
(ρp/ρf = 3.4). Note that we conduct a series of experiments
under normal gravity condition, thus we cannot avoid the
sedimentation of the particles especially in the case of larger
ρp/ρf. We could not prepare spherical particles of the same
size but of the different density, so that we could not discuss
this effect. Further researches would be needed in order to
clearly indicate the effect of St on the PAS formation.

Figure 8 indicates the formation time of the SL-2 PAS
with particles of dp = 15 μm (red) and of dp = 10 μm
(blue). We define the formation time t∗pas as the instant when
the value of K(t) − K(0) reaches 90% of its converged
value for each run. We have two main reasons for employ-
ing this definition in this manuscript; (i) in order to make
a direct comparison with Gotoda et al. (2015) in which the
formation time of SL-1 PAS was discussed with the same
criterion, and (ii) in order to confirm ourselves to detect
the final shape of the PAS and particles’ distribution under
each condition. In the preliminary analyses, we have tried
a range of threshold to define the formation time. Note
that it is sometimes quite hard to distinguish the PAS fully
formed under the criterion of 50% of the converged value of
K(t) − K(0) as proposed by Kuhlmann et al. (2014) in the
present system. This might be due to not only the sedimen-
tation but also migration of the particles from the trajectory

Fig. 8 Formation time of SL-2 PAS against Marangoni number for
dp = 15 μm (red) and dp = 10 μm (blue) at � = 0.68. The plots
indicate the averages out of five experimental runs and the bars indicate
the maximum and minimum values

to form the PAS to the rest area of the liquid bridge because
of the large density ratio. Each plot indicates an average
of about five data, while the bar indicates the maximum
and minimum values of the data. The data point of dp =
10 μm for each Ma is intentionally shifted to distinguish
each of these. It is noted that, under Ma = 6.3×104 and
dp = 10 μm, the particles never gather along a coherent
structure as the time elapses, and the SL-2 PAS does not
form at all. Their data therefore is not plotted in the figure.
These results indicate that the formation time of the SL-2
PAS is constant at almost unity of thermal diffusion time in
spite of the variation in the temperature difference or Ma,
which surprisingly coincides with the result for the SL-1
PAS (Gotoda et al. 2015). It is noted that the hydrothermal
wave observed through the surface temperature measure-
ment recovers within a period of t* � 1 after the process
of destroying the PAS. That is, the recovering process of
the flow itself seems taking place much faster than the PAS
reformation.

Figure 9 indicates (1) the time series of the surface tem-
perature under fully developed states of PAS in terms of
K(t) (or, at t∗ > t∗pas), and (2) its power spectral density

of (a) the SL-1 PAS at Ma = 4.7×104 and of (b) the SL-
2 PAS at Ma = 5.8×104 obtained via the IR camera. In
the figure a typical example of (c) the flow state at higher
Ma without any stable PAS at Ma = 6.4×104 is also indi-
cated. The all data were taken from the liquid bridge of
� = 0.68. The temperature is measured at the mid height
of the liquid bridge for all cases. We select these two condi-
tions as (a) and (b) because the most perfectly formed PASs
are realized. In both cases, the surface temperature exhibits
a periodic variation with a fundamental frequency and its
harmonics. It is emphasized here that these temporal vari-
ations in the present study are detected by the IR camera,
so that the data does not involve any other information; in
case the surface temperature be measured with thermocou-
ple (e.g., Ueno et al. 2003), the detected temperature signal
does include not only the temperature variation over the free
surface, but also the temperature variation in the ambient
gas. This is because the relative position of the tip of the
thermocouple to the free surface is periodically changed due
to the dynamic surface deformation by the oscillatory flow
field. In case that the surface temperature is detected by the
IR camera, on the other hand, the information of the sur-
face temperature itself is purely accumulated. By making
a comparison between the cases of (a) SL-1 and (b) SL-2
PASs, the temperature variation exhibits sharper peak near
the hottest point in the case of the SL-2 PAS than the case
of SL-1 PAS. One notices, however, that the surface temper-
ature variations at mid-height of the liquid bridge are quite
similar in both cases. Sharper variation of the temperature
in the case of SL-2 PAS results in more harmonic compo-
nents in the spectrum as shown in row (2). It is noted that
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Fig. 9 (1) Time series of surface temperature measured at the mid height of the liquid bridge, and (2) its power spectral density for (a) SL-1 PAS
at Ma = 4.7×104, (b) SL-2 PAS at Ma = 5.8×104, and (c) no stable PAS at Ma = 6.4×104

such a spectrumwith a fundamental frequency and its higher
harmonics can be seen in the oscillatory flows in the liquid
bridge without any PASs under normal gravity (Ueno et al.
2003) and also microgravity (Sato et al. 2013; Matsugase
et al. 2015) before the flow exhibits chaotic behaviors. Once
the particles disperse, and no distinct structures are formed
in the liquid bridge (as shown in (c)), the surface tempera-
ture varies vigorously, and the peaks in frequency are buried
in the spectrum except the fundamental frequency. In the
following, we focus on the whole temperature field over the
free surface to discuss the differences between the SL-1 and
SL-2 PASs.

Figure 10 shows the spatio-temporal diagrams (STD) for
(a) SL-1 PAS at Ma = 4.7×104, (b) SL-2 PAS at Ma =
5.8×104, and (c) almost no PAS at Ma = 6.4×104 in the
case of � = 0.68. These conditions correspond to those
shown in Fig. 9. The STD illustrates the distribution of the
deviation of the surface temperature from the averaged tem-
perature detected by the IR camera as a function of time
at each height along the center line of the liquid bridge
in the axial direction. It is noted that we measure the sur-
face temperature by the IR camera with narrower range of
the temperature than the temperature difference between the
rods sustaining the liquid bridge in order to resolve a small
amount of temperature deviation. That is, in the case of (a)
SL-1 PAS, the temperatures of heated and cooled disks are
of 60 ◦C (TH) and 20 ◦C (TC), respectively. The measur-
ing range of the IR camera, Tmin ≤ T ≤ Tmax, in that case

is from 25 to 42 ◦C, in order to avoid measuring a signif-
icant change of the temperature in the thermal boundary
layers near the end rods. The measuring range of the IR
camera as well as the end-rod temperatures for (b) and (c)
is indicated in the figure caption. The surface temperature
variations (top) are illustrated in non-dimensional manner as
(T –Tmin)/(Tmax–Tmin), so that the temperature distribution
near the hot-end and cold-end rods does not illustrate the
temperature in a range between TH and Tmax and between
Tmin and TC, respectively. The temperature deviation (bot-
tom) is also illustrated in non-dimensional manner; the
temperature deviation is divided by its maximum value.
Apparently, both STDs in the cases of two kinds of PAS
((a) SL-1 PAS and (b) SL-2 PAS) exhibit similar structures.
That is, periodic variation of the surface temperature is real-
ized all over the surface, and the ‘thermal wave’ reflecting
the hydrothermal wave propagates from the colder-end sur-
face to the hotter-end surface. This is a typical behavior of
the hydrothermal wave in the short (or low aspect-ratio) liq-
uid bridge of high Pr fluids (e.g., Muehlner et al. 1997). In
the case of longer (or higher aspect-ratio) liquid bridge, the
traveling direction seems opposite (Sato et al. 2013; Ueno
et al. 2014). Once (c) the PAS breaks apart and no ordered
structures are formed by increasing Ma (as also shown in
Fig. 4(d)), the surface temperature never exhibits a periodic
STD as seen under the conditions of SL-1 and SL-2 PASs.
Any periodic flow structures are not formed inside the liquid
bridge, and the particles never accumulate to realize the PAS.
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Fig. 10 Spatio-temporal diagram of surface temperature (top) and
temperature deviation (bottom) of liquid bridge (a) SL-1 PAS at Ma
= 4.7×104 (TH = 60 ◦C and TC = 20 ◦C), (b) SL-2 PAS at Ma
= 5.8×104 (TH = 68 ◦C, TC = 20 ◦C), and (c) no stable PAS at
Ma = 6.4×104 (TH = 76 ◦C, TC = 20 ◦C). Note that the tem-
perature range measured by the IR camera [Tmin, Tmax] is intention-
ally narrower than the temperature difference, that is, TC < Tmin

≤ T ≤ Tmax < TH. The temperature range measured by the IR cam-
era for each case is as follows; (a) Tmax = 42 ◦C and Tmin = 25 ◦C,
(b) Tmax = 45 ◦C and Tmin = 30 ◦C, and (c) Tmax = 50 ◦C and Tmin
= 40 ◦C. The absolute temperature variations and their deviations (bot-
tom) are illustrated in non-dimensional manner as (T –Tmin)/(Tmax–
Tmin) and T ’/T ’max, respectively

Figure 11 illustrates (1) the top views of the PASs, (2) and
(3) the absolute temperature and the temperature deviation
over the free surface in a range of 0 ≤ θ ≤ 2π /3 as defined
in (1), respectively, for (a) SL-1 PAS (Ma = 4.7×104) and
(b) SL-2 PAS (Ma = 5.8× 104). The distributions of the
surface temperature and its deviation are reconstructed from
the data shown in Fig. 10 by considering propagation speed
in azimuthal direction of the HW as conducted by Sato
et al. (2013) and Ueno et al. (2014). Frames (2) and (3) are
redrawn from the same data shown in Figs. 10(a) and (b). In
that figure, the position 1 indicates the azimuthal position
where the particles on the PAS approach very close to the
free surface (close to ‘collision point’ defined by Hofmann and
Kuhlmann (2011)), and position 2 indicates the azimuthal
position where the particles on the PAS ‘detach’ from the
free surface and go back to the bulk of the liquid bridge
(closed to ‘release point’). Note that we did not track the
particles in three dimensional system, so that we could not
surely insist whether the particles absolutely ‘detach’ from
the free surface. In the case of (a) SL-1 PAS, the parti-
cles on the PAS approach near the free surface (position 1),
where the larger temperature deviation in positive variation
(hottest spot, hereafter) is realized. Then the particles flow
down along the free surface, and detach to penetrate inside
the liquid bridge, where the temperature deviation is closed

to neutral (position 2). Such positions match quite well with
the results shown by Gotoda et al. (under review) in spite of
the differences of the aspect ratio and Marangoni number,
but are different from the result by Schwabe et al. (2007)
with a fluid of Pr ∼ 16. Difference of the spatial correlation
between the PAS and surface temperature deviation comes
from the difference of flow field inside the liquid bridge due
to the difference of Pr as indicated by Gotoda et al. (under
review). In the case of SL-2 PAS, on the other hand, the par-
ticles on the PAS approach the free surface again due to the
additional loop (position 1’), and then the particles ‘detach’
again from the free surface (position 2’). It is found that the
spatial correlation between those positions (1 and 2) and the
temperature deviation in the case of the SL-2 PAS almost
corresponds to that in SL-1 PAS. We emphasize that the
existing range of the first ‘blade’ of the SL-2 PAS in terms
of azimuthal position almost corresponds to that of the SL-1
PAS’s blade. Then the particles on the SL-2 PAS approach
the free surface again due to the additional loop near the
free surface (position 1’), where the temperature deviation
in negative variation (coldest spot, hereafter) is realized. The
particles on the SL-2 PAS then go downward along the free
surface toward the relatively coldest spot in the bottom half
of the liquid bridge (position 2’), and then detach again the
free surface to penetrate the inside the liquid bridge. As
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Fig. 11 (1) Top views of the
PASs, (2) and (3) the absolute
temperature and the temperature
deviation over the free surface in
a range of 0 ≤ θ ≤ 2π /3 (as
defined in (1)), respectively, for
(a) SL-1 PAS (Ma = 4.7×104)
and (b) SL-2 PAS (Ma =
5.8×104). The distributions of
the surface temperature and its
deviation are reconstructed from
the data shown in Fig. 10 by
considering propagation speed
in azimuthal direction of the
HW as conducted by Sato et al.
(2013) and Ueno et al. (2014).
Frames (2) and (3) are redrawn
from the same data shown in
Fig. 10(a) and (b)
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aforementioned, Gotoda et al. (under review) indicated that
the particles on the PAS are not gathered by thermocapillary
effect due to the temperature variation on the free surface
as proposed by Schwabe et al. (2007). The spatial structure
that the particles gather to form is determined by the flow
structure itself in the liquid bridge. In order to resolve corre-
lation between the particle trajectories and the thermal-flow
field, direct numerical simulations with significantly fine
spatio-temporal resolutions would be needed.

Conclusion

We focus on the SL-2 PAS, one of the major particles
accumulation structures emerging in thermocapillary-driven
convection in the half-zone liquid bridge. We realize the SL-
2 PAS as well as SL-1 PAS in the bridge of high Prandtl
number liquid with particles of 5 – 30μm in diameter, under
the corresponding conditions of small Stokes number of the
order of 10−6 ∼10−5.

We illustrate the existing conditions of SL-1 PAS, SL-2
PAS and the combination of those against the Marangoni
number and the liquid-bridge aspect ratio. Then the shape

of the SL-2 PAS in the rotating frame of reference with
hydrothermal wave is described by the observation through
the transparent top rod. The formation time of the PAS
is evaluated by employing modified accumulation measure
K(t), and is found to be around unity in the thermal dif-
fusion unit. Distributions of the surface temperature and its
deviation from the averaged field are indicated to distin-
guish the SL-1 PAS and SL-2 PAS.
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