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Abstract. We focused on the particle accumulation structure (PAS)
produced by the thermocapillary effect in a half-zone liquid bridge.
Although models of the formation of the PAS have been previously
proposed, they have not been experimentally verified. An assessment
of the region in which the PAS exists is very subjective and often depen-
dent on the observer, and this has necessitated the development of an
objective and quantitative evaluation method. We therefore conducted
a series of experiments to verify the physical model of the particle path
lines in a rotating frame of reference using the fundamental frequency
of the hydrothermal wave. We evaluated the intensity of the particle
accumulation based on a modification of the “accumulation measure”
proposed by Kuhlmann and Muldoon (Phys. Rev. E, 2012) to objec-
tively and quantitatively determine the existence region of the SL-1
PAS. The results of the quantitative experiment revealed that the best
aspect ratio (ratio of the height to radius) of the liquid bridge for the
SL-1 PAS was about 0.64, and that the PAS formation time was nearly
the same as the thermal diffusion time under the considered conditions
(184 words, within 200 words).

1 Introduction

A half-zone (HZ) liquid bridge is a geometry employed as a target for fundamen-
tal investigations on thermocapillary-driven flows. The liquid is sustained between
cylindrical coaxial rods by the surface tension of the fluid to form a “bridge” be-
tween the end walls of the rods. If the liquid bridge is exposed to a temperature
difference between the rods, a non-uniform distribution of the surface tension would
be produced on the free surface, provided that the fluid has non-zero temperature
dependency on the surface tension. This results in convective flow inside the liquid
bridge. If one rod is heated and maintain at TH , and the other at TC , the intensity
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Fig. 1. Typical examples of the flow fields emerged in the half-zone liquid bridge observed
from above and side in the cases of (a) the temperature difference ΔT = 0 [K] and corre-
sponding Ma = 0 [-] and (b) ΔT = 55.7 and Ma = 4.8× 104. In the case of (b), the PAS of
the azimuthal mode number m = 3 (the rotating direction of the PAS is right) is realized.
The radius R, the height H and the aspect ratio Γ = H/R of the liquid bridge are 2.5mm,
1.6mm, and 0.64, respectively.

of the thermocapillary-driven flow can be described by the Marangoni number Ma as
follows:

Ma =
|σT |ΔT ·H
ρυκ

,

where ΔT = TH − TC is the temperature difference between the two rods; H is the
height of the liquid bridge (or the distance between the end walls of the rods); σT is
the temperature coefficient of the surface tension σ of the test fluid (σT = ∂σ/∂T );
and ρ, ν, and κ are the density, kinematic viscosity, and thermal diffusivity of the
test fluid, respectively. The Marangoni number is a product of the thermocapillary
Reynolds number Re and the Prandtl number Pr = ν/κ. The shape of the liquid
bridge is generally described by two parameters, namely, the aspect ratio Γ = H/R,
where R is the radius of the rods; and the volume ratio V/V0, where V is the volume
of the liquid bridge itself, and V0 is the volume of the cylindrical space between the
rods, which is given by πR2H.
The thermocapillary effect drives the fluid over the free surface from the hot-end

wall to the cold-end one in a half-zone liquid bridge, and the fluid returns in the
central region of the bridge toward the hot-end wall. Such a convective fluid is the
basic flow pattern in the half-zone liquid bridge [1] as illustrated in Fig. 1. Especially,
the convective flow inside the liquid bridge of a fluid with a moderate or large Pr
exhibits transition between a two-dimensional “steady” flow shown in Fig. 1a and a
three-dimensional “oscillatory” flows if the temperature difference or the Marangoni
number exceeds a certain threshold [2]. The threshold of the temperature difference is
referred to as the critical temperature difference ΔTc, whereas that of the Marangoni
number is referred to as the critical Marangoni number Mac. This transition of the
flow state is governed by the hydrothermal instability predicted by Smith & Davis [3].
There are two possible types of flow patterns near the threshold in the oscillatory
state, namely, standing-wave and travelling-wave flows (Fig. 1b).
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Fig. 2. Particle accumulation structure: (a) SL-1 PAS, (b) SL-2 PAS.

Schwabe et al. [4] determined the unique behaviours of particles suspended in
the liquid bridge in travelling-wave-type oscillation (Fig. 1b). They observed that
the particles gathered along a closed path and their solid-like structure seemed to
rotate at a constant angular frequency. This behaviour of the particles is referred to
as “particle accumulation structure” (PAS). The PAS was observed in the second
regime of the travelling-wave flow [5,6], and was successfully reproduced by Tanaka
et al. [6] in a liquid bridge with two major types of structures, namely, SL-1 PAS and
SL-2 PAS, shown in Figs. 2a and b, respectively.
The mechanism of the PAS formation has been proposed by different groups.

Pushkin et al. [7] proposed an inertia-dominant model based on phase locking between
the flow field and the particle motions. Seki et al. [8] and Hofmann & Kuhlmann [9]
proposed a model dominated by the interaction between the particles and the free sur-
face. Although the mechanism has been discussed for a decade, a definite conclusion
supported by experimental investigations is yet to be drawn.
Based on present knowledge obtained by experimental investigation, structures

of the PASs [6,10] were reconstructed. Their existence regions were evaluated as a
function of Ma and Γ [6], and the formation time of the SL-1 PAS was evaluated
as a function of the particle size [1]. One of the greatest difficulties regarding the
subject is the quantitative evaluation of the development of the PAS. In previous
studies [1,6], the status of the PAS formation was evaluated in a subjective manner
based on experience. It is thus important to develop a quantitative and objective
indicator of the status of PAS formation. Recently, Kuhlmann & Muldoon [11] pro-
posed the “accumulation measure”K(t), which is an indication of the deviation of the
particle distribution from the average in the target system. In the present study, we
experimentally evaluated the occurrence condition and formation time of PAS using
a modified K(t).

2 Experiment

A cross-sectional view of the experimental apparatus is shown in Fig. 3. The upper
rod was made from sapphire, which enabled observation of the flow field in the liq-
uid bridge. The lower rod was made from aluminium and its edge was sharpened by
machining to prevent leakage of the fluid. It was also alumited to prevent light reflec-
tion. The liquid bridge was formed between the sustaining coaxial rods. In the present
study, we employed the geometry in which the upper rod is heated and the bottom
cooled after Schwabe et al. [1]; it was also convinced by ourselves that the PAS is
more easily realized in the liquid bridge under this configuration. The lower-rod tem-
perature was fixed at 20°C and the upper-rod temperature was varied to change the
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Fig. 3. Cross-sectional and top views of experimental apparatus.

temperature difference between the sustaining rods. The behaviour of the particles
was recorded from the top and the side by two CCD cameras. An ambient gas region
was formed inside the external coaxial shield surrounding the liquid bridge, and there
was a null ambient forced gas flow (that is, Reamb = 0).

The test fluid used for the liquid bridge was silicone oil, which has a kinetic
viscosity of 2 cSt and Prandtl number of 28.1 at room temperature. Gold-coated
acrylic particles of diameter 15 microns were put inside the liquid bridge to facilitate
visualization of the convection in the liquid bridge. This kind of particle was examined
for more than a year to diverse in the fluid without any segregation, and was employed
in the on-orbit experiments of the thermocapillary-driven flow known as “Marangoni
Experiment in Space (MEIS)” in the Japan Experiment Module “Kibo” aboard the
International Space Station. The particle is a well-shaped sphere so that one can avoid
the effect of the shape of the particles to trace the flow field. The density ratio ρp/ρf
was 2.0 and the Stokes number St(= 2ρpR

2
p/9ρfH

2) [9] was in the range of 8.6×10−6
to 12.8× 10−6. The radius R of the liquid bridge was fixed at 2.5mm and the height
H was varied to change the aspect ratio Γ = H/R) of the liquid bridge. The volume
ratio of the liquid bridge, V/V0, was maintained constant at 1.0. The experiment was
repeated for four different aspect ratios Γ of 0.56, 0.60, 0.64, and 0.68, and Marangoni
numbers ranging between 2.5× 104 and 4.5× 104.
An external shield [12] with an inner diameter of 25mm(= 5R) was fabricated and

used to define the thermal boundary. The shield was set coaxially with the sustaining
rods around the liquid bridge. The corresponding gap between the surface of the
liquid bridge and the inner surface of the external shield was 10mm (=2R). We
evaluated the region in which the PAS existed and the formation time based on the
“accumulation measure” proposed by Kuhlmann and Muldoon [11], given by

K(t) =
1

2
(
Np −N

)
Ncells∑

i=1

∣
∣Ni (t)−N

∣
∣.
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Fig. 4. Typical flow patterns observed from the top. The external shield diameter and aspect
ratio were 25mm and 0.64, respectively. Each image was obtained by 1 s accumulation in
the rotating frame of reference using the fundamental frequency of the hydrothermal wave.

It is difficult to determine the number of particles, so we modified the equation for
our experiment. Np 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. Kuhlmann and Muldoon [11]
radially divided the liquid bridge into three-dimensional cells of equal volume. We,
however, divided the image as observed from the top into equal two-dimensional
rectangular cells and evaluated the K(t) value.
Firstly, we determined the number of particle pixels Np from the luminance, and

calculated the average number of particle pixels N per cell. Secondly, we determined
the number of particle pixels Ni(t) and summed the absolute value of Ni(t) – N for
each cell. We confirmed that when the particles are dispersed, K(t) would be close
to 0, and when the particles are concentrated in a single cell, K(t) would be close
to 1. The adopted experimental method is basically the same as that of Schwabe
et al. [1], and the homogenous dispersal of the particle was realised by stirring the
liquid bridge with a thin wire after full development of the flow field at a certain
temperature difference. We defined time zero as when the wire was removed from the
liquid bridge and evaluated K(t) for each time step.

3 Results and discussion

PAS occurs when there is a large temperature difference across a liquid bridge. Special
attention was given to SL-1 PAS in our experiment.
Figure 4 shows the top views of the particle path lines over 1 s in the rotating

frame of reference using the fundamental frequency of the hydrothermal wave for
each Marangoni number and Γ = 0.64. Each image was obtained by accumulating
the pictures recorded for 2min after stirring the liquid bridge. Clearly observable
from the images are the triangular particle depletion zone at Ma = 2.7 × 104, the
appearance of SL-1 PAS, and the “toroidal core” at Ma = 3.6×104. We also confirmed
the vanishing of SL-1 PAS at Ma = 4.2 × 104, and the flow field at Ma = 4.2 × 104
was similar to that at Ma = 2.7× 104. Hence, we were able to reproduce the results
of the model of Kuhlmann et al. [13] by our experimental approach. We detected
the PAS in these images; however, to quantitatively determine the region in which
the PAS existed, we evaluated the intensity of the particle accumulation using the
“accumulation measure” proposed by Kuhlmann & Muldoon [11].
Figure 5 shows K(t) as a function of the non-dimensional time for Ma = 2.7×104,

3.6× 104, and 4.2× 104, under Γ = 0.64. The non-dimensional time t∗ is defined by
dividing the real time t by the thermal diffusion time τ(= H2/κ). When the PAS
appeared at Ma = 3.6 × 104, K(t) increased rapidly shortly after stirring the liquid
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Fig. 5. K(t) as a function of the non-dimensional time for Ma = 2.7 × 104, 3.6 × 104, and
4.2× 104, and Γ = 0.64.

bridge, and finally converged to a constant value. When the PAS did not appear,
there was no significant increase in K(t) after stirring. We denote the convergence
value for each Marangoni number by Kc. We also define the formation time when
K(t) becomes constant.
Figure 6 shows the graph of Ma versusKc for aspect ratio Γ = 0.56, 0.60, 0.64, and

0.68. It can be observed that, for an aspect ratio of 0.64, with increasing Marangoni
number Ma, Kc increases from a constant value around Ma = 2.7 × 104, attains
another constant value, and then begins to decrease again around Ma = 4.2 × 104.
From the experimental results, we deduce that the PAS appeared at Ma = 2.7× 104,
and disappeared at Ma = 4.2 × 104. The tendencies were the same for aspect ratios
of 0.56 and 0.60. However, for an aspect ratio of 0.68, Kc was constant over the
considered range of Ma values, and no PAS could be observed with the naked eye.
Mukin and Kuhlmann [14] proposed that the PAS is formed on/along the KAM torus
in the flow field in the liquid bridge; the particles in the chaotic streamlines interact
with free surface to change their trajectory from the chaotic streamline to KAM torii
as the regular trajectories in the bridge. And the shape of regular and the chaotic
streamlines are sensitive to the liquid-bridge shape in the terms of the aspect ratio
and volume ratio. We conducted a series of experiments by varying the liquid-bridge
aspect ratio from 0.56 to 0.68. It is found that the PAS is formed in the cases of Γ
from 0.56 to 0.64, and never formed in the cases of Γ = 0.68. This might be explained
by considering that the closed KAM torii of the azimuthal wave number m = 3 never
formed under Γ = 0.68.
Figure 7 shows the instantaneous field of the top views of the liquid bridge at

Ma = 2.7 × 104 for each considered value of the aspect ratio. It is very difficult
to determine the differences among the images by the naked eye, but this can be
clearly done using Kc, and the differences can be attributed to the size of the particle
depletion zone.
Figure 8 shows the contour graph of Kc. The different colours in the graph are

used to highlight the Kc values. Red indicates accumulation of particles whereas blue
indicates dispersion of particles. From the graph, it can be seen that the best aspect
ratio for PAS formation under the present conditions is about 0.64.
Figure 9 shows the non-dimensional formation time versus the Marangoni number

(3.0× 104 to 4.0× 104) for PAS aspect ratio Γ = 0.56, 0.60, and 0.64. In a previous
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Fig. 6. Ma versus Kc for Γ = 0.56, 0.60, 0.64, and 0.68.

1 mm Rod periphery

Γ = (a) 0.56 (b) 0.60 (c) 0.64 (d) 0.68

Fig. 7. Typical top views of the liquid bridge for Ma = 2.7× 104 and aspect ratio Γ = 0.56,
0.60, 0.64, and 0.68.

study [11], the formation time was non-dimensionalised by the viscous momentum
diffusion time τ(= H2/υ). This was because the particles inside the liquid bridge were
considered to be carried by the motion of the fluid. However, in the present study,
we non-dimensionalised the formation time by the thermal diffusion time τ(= H2/κ),
and found that the formation time was nearly unity in most cases. This means that
the particles inside the liquid bridge were not only carried by the motion of the
fluid. Perfect de-mixing was achieved at the same time as the full development of
the flow field owing to thermal diffusion. That is, it is indispensable of the fully-
developed traveling-type HTW to the formation of the PAS. In the figure we also
plot the formation time for the paritcles of smaller St in the case of Ma = 3.6× 104,
and it is found that the formation time becomes moderately longer with the smaller
St particles. Such tendency agrees qualitatively with Muldoon & Kuhlmann [15],
although their formation time corresponds to the time of the particle behaviours
starting from the fully-developed flow field in the bridge. We pay attention to the
formation time and their variaiton due to the change of the particle density. Kuhlmann
& Muldoon [11] made comparisons of the formation times of the PAS by considering
the different physical models. The formation time of the PAS by considering the
inertia effect only [7] becomes much longer than that by considering the particle-
free surface interaction as well as the inertia effect [9]. In addition, the sensitivity
of the formation time to the particle density becomes much less in the case of the



306 The European Physical Journal Special Topics

Fig. 8. Contour graph of Kc. The diameter of the external shield was 25mm.

Fig. 9. Non-dimensional PAS formation time versus thermal diffusion time for aspect ratio
Γ = 0.56, 0.60, and 0.64.

model considering the both of inertia and the particle-free surface interaction. The
present results indicate the similar trends in both of the formation time itself and
its sensitivity to the particle density. Figure 9 also includes the result of Schwabe
et al. [1], obtained under the conditions of Γ = 1.15, ΔT = 38.0[K](Ma = 1.7× 104),
Pr = 8, and St = 1.1 × 10−6. Compared to our results, significant difference can
be observed, which is because the two experiments were conducted using different
Marangoni numbers, Prandtl numbers, and Stokes numbers. Further study is therefore
required for a full understanding of what determines the PAS formation time.

4 Conclusion

We gave special attention to the region in which the PAS appeared and the formation
time of SL-1 PAS. We found that we could reproduce the results of the physical model
proposed by Kuhlmann et al. [13] of the particle depletion zone and “toroidal core”
from our obtained images in the rotating frame of reference using the fundamental
frequency of the hydrothermal wave. We could also objectively and quantitatively
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determine the region in which the PAS existed using a modification of the “accumu-
lation measure”. Furthermore, we found that the PAS formation time was nearly the
same as the thermal diffusion time under the considered conditions. We compared
our results with those of a previous study on the PAS formation time and observed
significant difference, which could be attributed to the different experimental condi-
tions. Hence, further study is required to verify the determined PAS formation time
and the relationship between it and the thermal diffusion time.
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