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Spatial-temporal behaviors of low-Stokes-number particles forming coherent
structures in high-aspect-ratio liquid bridges by thermocapillary effect
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We investigate experimentally coherent structures of low-Stokes-number particles in
the thermocapillary liquid bridge as a closed system. Such coherent structures in ther-
mocapillary liquid bridges have been known as particle accumulation structures (PASs)
realized in traveling-wave-type convection. We discover the PAS in the flow of m = 1
in an azimuthal wave number in the liquid bridge of O(10−3m), whose spatial structure
is different from those hitherto indicated in previous research, with the particles heavier
than the test liquid. The coherent structures by the particles suspended in the liquid bridge
are illustrated in the laboratory frame and in the rotating frame of reference. Individual
particles of Stokes number St = O(10−5) are tracked to indicate their spatial-temporal
behaviors forming the coherent structures. We unveil that two major coherent structures are
simultaneously emanated inside the liquid bridge of � = 1.6 in aspect ratio. Their Poincaré
sections are illustrated, which well reproduce qualitatively the predictions of Barmark et al.
[Phys. Rev. Fluids 6, 084301 (2021)].
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I. INTRODUCTION

Control of particle distributions in closed multiphase-flow systems has attracted attention in both
industrial and natural fields. In industrial fields, such problems commonly arise in a variety of
processes such as chemical, material, pharmaceutical, paper, and food engineering. Separation and
sorting tiny particles are essential techniques for crystal growth processes [1–5] and microdevices
[6–9]. Environmental control of chemical contaminants in clean rooms [10] is another example.
In nature, we have faced serious problems of pollution by microplastics [11–16]. One finds such
problems in air pollution by soil and sea salt particles [17] and flow patterns in rivers [18] as well.

In closed systems, it has been known that suspended tiny particles distribute unevenly to form
coherent structures in laminar flows after the pioneering work by Schwabe et al. [19]: The tiny
particles suspended in the liquid as tracers gather to form a structure, which was named the particle
accumulation structure (PAS). Schwabe et al. [19] found that such unique patterns by the particles
arise in traveling-wave-type convection fields induced by so-called hydrothermal-wave (HTW)
instability [20] in half-zone liquid bridges of high-Prandtl-number liquid. Takakusagi and Ueno
[21] indicated the PAS emerges in hanging droplets, which is also caused by thermocapillary effect.
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Romanò et al. [22] and Wu et al. [23] indicated that the particle accumulations are realized not only
in thermocapillary liquid bridges but also in the lid-driven cavity of isothermal systems.

A number of research on the coherent structures by the particles has been conducted by employ-
ing so-called half-zone liquid bridges after Schwabe et al. [19]. A certain amount of liquid bridges
the end surfaces of coaxial circular rods: One rod is heated and the other is cooled to induce a
designated temperature difference between the end surfaces of the liquid bridge. This temperature
difference results in driving the fluid over the free surface, which is due to the temperature
dependence of the surface tension. This geometry was proposed by mimicking a half portion of
full-zone liquid bridges for, e.g., semiconductor crystal growth processes [24–28], and has been
widely employed in fundamental experimental research on the thermocapillary-driven convection
under the normal gravity condition e.g., [29–41] and the microgavity conditions e.g., Refs. [42–54].
The advantage of this geometry comes from the simpler thermal boundary condition than that
in the full-zone ones: The intensity of the thermocapillary effect is defined by considering the
nondimensional Marangoni number Ma = |γT |�T L/(ρνκ ), where γT = ∂γ /∂T is the temperature
coefficient of surface tension γ , �T is the temperature difference between the both ends of the
liquid bridge, L is the characteristic length, ρ is the density of the test liquid, ν is the kinematic
viscosity, and κ is the thermal diffusivity. The Marangoni number is also described as the product
of the thermocapillary Reynolds number Re = |γT |�T L/(ρν2) and the Prandtl number Pr = ν/κ .
After the findings by Schwabe et al. [19], Tanaka et al. [55] conducted a series of experiments
to investigate the PAS by varying Ma and the aspect ratio of the liquid bridge, � = H/R, where
H is the height of the liquid bridge or the distance between the coaxial rods of R in radius. They
illustrated essential features through their experiments: (i) A coherent structure is formed by the
particles suspended in the liquid bridge in a limited range of Ma and seems rotating in azimuthal
direction without changing its shape as if it were a rigid structure. (ii) The PAS emerges under
Ma higher than the threshold for the primary instability Ma(1)

c . (iii) The rotating direction of the
PAS is the same as the thermal-flow field by the HTW instability, and the particles forming the
PAS travel azimuthally opposite to that of the PAS. (iv) The PAS exhibits a structure with the same
azimuthal wave number as the thermal flow field induced by the HTW instability, which depends on
� [31,38,56]. (v) The PAS has the azimuthal periodicity as the flow and is winding m times about the
main vortex before closing. They indicated further that (vi) the particles gather not only to form the
PAS but also to form a toroidal structure called a core; (vii) two different types of PASs, SL1- and
SL2-PASs, emerge by changing Ma under a fixed �; (viii) SL2-PAS emerges under higher Ma than
SL1-PAS, and (ix) additional loop structure appears at each tip near the free surface for SL2-PAS.
Tanaka et al. [55] explored the existing range of the PAS of 2 � m � 5 by varying �, and Schwabe
et al. [57] found that the optimum density for PAS formation is density matching and there exists
an optimum particle size. Further exploring for the PAS in the HTW of m = 1, Schwabe et al. [57]
found that the existing range for m = 1 is significantly narrow in Ma and � comparing to those of
m � 2.

In addition, the formation of the tall or high-� liquid bridge to realize the PAS in the HTW
of m = 1 is much more difficult in the first place due to the static pressure under the normal
gravity condition. These are the critical reasons why the investigation on the PAS in the HTW
of m = 1 via terrestrial experiments had not been actively conducted [58–60] and why microgravity
experiments have been deserved. The PASs in the HTW of 2 � m � 5 have attracted the attention
of lead investigations via experimental [55,57,59,61–69] and numerical approaches [70–82].

Mukin and Kuhlmann [83] and Hofmann and Kuhlmann [73] indicated that there exist
Kolmogorov-Arnold-Moser (KAM) tori in the traveling-wave-type modeled convection, whose
three-dimensional structures in the rotating frame of reference resemble those of the PASs. In the
reference frame, the KAMs rigidly form in the flow field, as observed for the PASs [66,67] up
to the secondary instability [84]. In particular, the introduction of the rotating frame of reference
by Hofmann and Kuhlmann [73] has had a significant impact, enabling quantitative evaluation of
particle trajectories and facilitating comparison of stream profiles in experiments. Indeed, it has
been revealed by experiments [65,67,68] that several types of PASs coexist simultaneously as the
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predicted KAM tori. Oba et al. [68] indicated the motion of the particles tracked in two and three
dimensions. They successfully reconstructed the three-dimensional motion of the particles forming
three different coherent structures: the PAS in the HTW of m = 3, the toroidal core, and the structure
wrapping the toroidal core.

As for the PAS in the HTW of m = 1, on the contrary, few research works have been conducted
to accumulate knowledge on the shape of the PASs themselves and the behaviors of the particles
forming the coherent structures. Sasaki et al. [85] indicated the PASs in the HTW of m = 1 under
the normal gravity condition by employing the liquid bridge of � = 2.1 whose radius is less than
1mm. They evinced the PAS in the HTW of m = 1 in a range of Ma by suspending the particle
heavier than the test liquid: The particles form the closed path with a spiral structure in the interior
region of the liquid bridge. Sakata et al. [59] then realized the similar PAS in the liquid bridges of
� = 2.0 under the normal gravity condition and in those of � = 1.0 under microgravity conditions.
It must be noted that Sakata et al. [59] and Terasaki et al. [60] realized the PAS in the HTW of
m = 1 in the terrestrial experiments by employing a rather slender liquid bridge or whose volume
ratio V/V0 is less than unity, where V is the volume of the liquid bridge itself and V0 is the volume of
the cylinder between the end surfaces, or V0 = πR2H ; the thermal flow field in the liquid bridge of
� = 2.0 and of V/V0 ∼ 1.0 exhibits the traveling-wave-type oscillation but does not accompany the
particle accumulations [86]. Since the late 2010s, the PASs in the HTW of m = 1 have been actively
investigated via numerical approaches: A group at the University of Strathclyde (Glasgow, Scotland)
finely reproduced the PAS with a spiral in the HTW of m = 1 in the liquid bridges of � = 1.8 for
Pr = 8 [87] and Pr = 68 [88]. Their coherent structure reproducing the one observed by Sasaki
et al. [85], however, was realized with particles lighter than the test liquid, or 
 = ρp/ρl < 1, where
ρp and ρl are the densities of the particles and the test liquid, respectively. Note that the particles
of 
 > 1 form the coherent structure in the HTW of m = 1 [59,60,85] as well as those of m � 2
[55,57,62,63,67,68,89] by experiments. A group of TU Wien (Austria) also demonstrated the PAS
of m = 1 in the liquid bridge of � = 1 and Pr = 68 [90–92]. The group reproduced the PASs with
neutral-buoyancy particles [90,91] and with particles of various densities [92]. Barmak et al. [92]
demonstrated the structure of the KAM tori for several Re under which the flow is temporally and
spatially periodic. They discussed the dependence of the PAS on the particle size, the density ratio
of the particle to the test liquid (
), and Re. They also investigated the effect of the interaction
parameter between the free surface and the particle (�); this parameter indicates the position where
a particle approaching the free surface experiences an inelastic collision, and where its velocity
component normal to the boundary is annihilated from the flow boundary. Under a condition of
small � and higher Re, the PAS with a spiral structure, as observed in the terrestrial [59,60,85]
and microgravity [59] experiments, was predicted. Knowledge has been thus far accumulated on
the PASs in the HTW of m = 1 via the numerical simulations by different research groups, but
little evidence via the experimental approaches has been indicated. It must be remarked, in the
case of the PASs of 2 � m � 4, that the numerical works successfully reproduced the shape of
the PASs independently: The predicted PAS consisted of m-fold blades [70–82] as noted, although
there exist minor discrepancies in the characteristics of the blades such as the azimuthal width and
the minimum and maximum radial positions. In the case of the PAS in the HTW of m = 1, on the
contrary, the PASs of completely different spatial structures have been predicted by different groups.
Further, the PAS with a spiral in the HTW of m = 1 is a single example that has been experimentally
indicated under normal [59,60,85] and microgravity [59] conditions.

In the present paper, we devote ourselves to revealing the existence of different types of PASs
in the HTW of m = 1. Through the three-dimensional tracking of the particles forming the PASs,
the spatial structures of the PASs and the corresponding Poincaré section of the particles forming
the coherent structures are illustrated. We then indicate two different types of PASs coexisting in
the liquid bridge. Their discrepancy is discussed with the temporal correlation between the HTW
and the particle motions in the rotating frame of reference. Comparisons are made in the Poincaré
sections between the PASs by the experiments and the ordered flow structures of the KAM tori
predicted.
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FIG. 1. Experimental apparatus: (i) Side view and (ii) top view. Enlarged schematics of the liquid-bridge
holding part is drawn in each frame.

II. METHODS

Figure 1 illustrates a schematic of the experimental setup. The apparatus in the present study is
the same as introduced by Sakata et al. [59] for the terrestrial experiments and by Terasaki et al.
[60]. The apparatus consists of two main parts: the one that holds the liquid bridge and realizes the
prescribed environment and the other that measures and accumulates the data of particle images and
temperature. The liquid-bridge holding part consists of top and bottom rods installed coaxially. The
radius of the end surfaces of the both rods is R = 0.75 mm. The top rod is made of sapphire, which
is colorless and transparent. This property allows us to monitor the motion of particles through the
rod. The top rod is heated by a nichrome wire heater wrapped around the rod, whose temperature TH

is measured by a K-type thermocouple embedded in the rod. The heater and the thermocouple are
connected to the temperature controller (Model 335 Cryogenic Temperature Controller, Lake Shore
Cryotronics Inc., USA) to realize the designated TH by the proportional-integral-derivative control.
The thermocouples in the present system are calibrated using a platinum temperature resistance:
Their accuracy is of ±0.5 K in the range of 50 ◦C to 70 ◦C. The bottom rod is made of aluminum,
whose surface is anodized in black to improve corrosion and wear resistance. In addition, the upper
edge of the lower rod is tapered at 45◦ and is coated with fluorine to prevent undesignated liquid
dripping from the rod. The temperature of the bottom rod is controlled at TC = 20 ◦C by using a
cooling channel through its base block. The error in �T is thus of ±1K, which results in the error
in Ma of ±5 %. Note that the characteristic length L is defined by the height of the liquid bridge
H throughout the present paper. A hole with a radius of 0.15 mm is drilled along the center of
the bottom rod to form a channel connected by a tube to a syringe filled with the test liquid. The
liquid supply from the syringe is controlled by a syringe pump. The velocity of the injected liquid is
less than 3.0 × 10−6m/s � Uγ = |γT |�T/(ρν); the rate of the liquid supply is sufficiently small
to avoid undesignated disturbances to the flow field and particle behaviors [59,60,68]. The test
liquid used in this series of experiments is 2-cSt silicone oil (KF96L-2cs, Shin-Etsu Chemical
Co., Japan) whose Pr is of 28.6 at 25 ◦C. The physical properties of the test liquid are listed in
Table I. We adopt the mean value of ν for TH and TC as the characteristic viscosity to evaluate
Ma; ν = {ν(TH) + ν(TC)}/2. The temperature dependence of the kinematic viscosity is considered
by applying an empirical correlation [93] as ν(T )/ν0 = exp{5.892(25 − T )/(273.15 + T )}, where
ν0 is the kinematic viscosity of the test liquid at 25 ◦C, and T is the temperature in Celsius. We
examine the effects of gravity on the liquid-bridge shape and the thermal-flow fields by considering
the static and dynamic Bond numbers defined as Bo = ρgH2/γ0 and Bd = ρgβH2/|γT |, respec-
tively, where g is the gravitational acceleration and β is the thermal expansion coefficient. The
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TABLE I. Physical properties of test liquid (2-cSt silicone oil) at 25 ◦C.

ν0 ρ κ β γ0 γT

[m2/s] [kg/m3] [m2/s] [1/K] [N/m] [N/(m K)] Pr

2.0 × 10−6 8.73 × 102 7.00 × 10−8 1.24 × 10−3 18.3 × 10−3 −7 × 10−5 28.6

static and dynamic Bond numbers become Bo = 0.67 and Bd = 0.22, respectively. To evaluate
nondimensional numbers, the values at 25 ◦C are adopted for all physical properties except ν. The
advantage of using silicone oil is that it is highly transparent, which realizes observation of the
behavior of particles inside the liquid bridge with visible light. In addition, it is easy to define Ma
because the surface tension varies linearly with temperature. The viscosity of 2 cSt is chosen for
the following reasons. To reach the high Ma condition under which the PAS emerges steadily in
this system, it is supposed to increase the temperature difference between the rods (�T ) or the
characteristic length [= height of the liquid bridge (H)], otherwise to reduce the kinematic viscosity
(ν). In ground experiments, there is a severe limitation in realizing the high-� liquid bridge, as
remarked, to minimize the deviation of the liquid bridge shape from the cylindrical one. Evaporation
is also unavoidable when dealing with low-viscosity liquids exposed to a large �T . Conversely, with
high-viscosity liquids, the temperature of the heated disk must be raised to achieve high Ma, which
might result in dangerous situation with a high temperature near the ignition point of the test liquid.
From the above reasons, 2-cSt silicone oil has been chosen as the optimal test liquid for this series
of experiments.

Gold-nickel-alloy coated acrylic particles (MX-1000NA, Soken Chemical and Engineering Co.
Ltd., Japan) are employed as the test particles. The diameter and density of these particles on average
are of 10.5 µm and 2.06 × 103 kg/m3, respectively. The Stokes number of the particles is evaluated
by the definition as St = 
d2

p /(18H2) [73], where dp is the particle diameter and 
 is the density
ratio defined as ρp/ρ = 2.36, to be of St = 1.00 × 10−5.

The liquid bridge is surrounded concentrically by an acrylic shield of 7.45 mm in inner diameter
and of 3 mm in thickness to fix the thermal boundary conditions around the liquid bridge as much
as possible. A CaF2 window (of 2 mm in width, 6 mm in hight, and 3 mm in thickness) is installed
in a part of the shield, which allows us to measure the surface temperature by an infrared (IR)
camera (Thermography R300, NEC Avio Infrared Technologies Co., Ltd., Japan) with a close-up
lens (TVC-2100UB, NEC Avio Infrared Technologies Co, Ltd., Japan). We obtain the IR images of
320 × 240 pixels under a temperature resolution of 0.05 K at 30 ◦C at 60 frames per second (fps).
This IR camera detects the IR light in a range of 8 µm to 14 µm in wavelength. It should be noted
that it is rather difficult to measure the exact temperature of the free surface of the liquid bridge
with our IR camera because we do not have the optical properties for the test liquid. It is remarked
that the optical properties of the 10-cSt silicone oil were finely measured [94]. The 10-cSt silicone
oil is almost transparent against the light of 9 µm, 12 µm, 13 µm, and 14 µm in wavelengths, but not
for 8 µm, 10 µm, and 11 µm. The absorption coefficients α [m−1] for latter wavelengths are of 5.4 ×
104, 1.8 × 105, and 3.3 × 104, respectively. Hence, the intensities of the light at these wavelengths
become 1/e of the original value in about 9 µm, 5.6 µm, and 30 µm. Suppose the silicone oil of 2cSt
exhibits a similar characteristic in the transparency to that of 10cSt, the temperature detected by the
IR camera apparently corresponds to the surface temperature. For the sake of brevity, we refer to
these data as surface temperature.

We obtain the particle images with two synchronized high-speed complementary metal-oxide
semiconductor (CMOS) cameras of 2048 × 2048 pixels (FASTCAM-Mini WX100, Photron, Inc.,
Japan). The frame rate of these cameras is set at 500 fps. One of the cameras is installed vertically
above the top rod (HS-1 in the figure), and another one is installed horizontally aside the liquid
bridge (HS-2). The top-view and side-view cameras capture the particle images through the top
rod and the external shield, respectively. The image of the liquid bridge via the side-view camera
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is also used to evaluate V/V0 as well as �. To evaluate V , we detect the free-surface positions of
the liquid bridge along each horizontal pixel at different height of the image. We stack vertically
the slices of the liquid bridge of a pixel height under the assumption that each slice is a cylinder
whose diameter corresponds to the distance between the positions of the detected free surfaces.
It was confirmed that the free surface deforms within a range of ±2 µm for the liquid bridge of
� = 2.0 and V/V0 ∼ 1.0 with R = 5 mm under microgravity condition [54], and ranges ±0.5 µm
for � = 0.64 and V/V0 ∼ 1.0 with R = 2.5 mm under the normal gravity condition [67]. Thus the
dynamic deformation of the liquid bridge is rather negligible in the present system.

As conducted in previous research [59,66,67,89], the particle positions against the traveling-
wave-type thermal-flow field are reconstructed in the rotating frame of reference as follows: We
obtain simultaneously the particle images by the top-view and side-view CMOS cameras with a
light source (LLBK1-BA-15x15W, AI Tec System Co., Ltd., Japan) for whole illumination and
the surface temperature images by the IR camera. The IR camera is placed at the position of
π/2 apart from the side-view camera. The fundamental frequencies of the PAS and the surface
temperature deviation are evaluated independently from both data by the top-view camera and
the IR camera. The fundamental frequency of the oscillatory convection is constant during the
period of the observation under the present conditions. Thus, the difference of phase among the
data obtained by the top-view and the side-view CMOS cameras and the IR camera is constant.
Because the fundamental frequencies of the rotating motion of the PAS and that of the traveling
wave of the thermal-flow field are identical for m = 1 [59,60] as well as for m = 3 [55,66–68], the
synchronization between the data by the high-speed CMOS cameras and the IR camera is achieved
by delaying the phase of the data by the IR camera based on the period for the PAS to take in rotating
azimuthally in ±π/2 rad. The sign of the rotation angle is determined by monitoring the azimuthal
direction of the PAS rotation. The particle images in the rotating frame of reference are obtained
by accumulating the images after the rotation following the traveling-wave-type convection by the
HTW instability [65,67]. In this case, the particle image in the rotating frame of reference is created
by rotating the particle image at t = t0 + �t around the origin O with an angle of −ωHTW�t , with
the particle image at t = t0 serving as the reference. Here, ωHTW is the angular velocity of the
TW-type convective structure caused by HTW instability.

In this paper, the target geometry on which we focus is the liquid bridge of � = 1.6 and V/V0 ∼
0.98 ± 0.01, respectively. We set the position of the end surface of the bottom rod at z = 0 mm,
thus the end surface of the top rod is located at z = H = 1.2 mm. We vary �T = TH − TC from
35 K to 45 K (corresponding Ma from 2.9 × 104 to 3.9 × 104). It is confirmed in the preliminary
experiments that the PAS without spiral in the HTW of mHTW = 1 steadily emerges under �T from
40 K to 42 K or under corresponding Ma from 3.3 × 104 to 3.6 × 104.

III. RESULTS AND DISCUSSION

Figure 2 shows a typical example of the time series of the particle images of the PAS under
�T = 40 K or Ma = 3.3 × 104 obtained through the present study. Figures 2(a) and 2(b) illustrate
the particle images observed through the top rod (top-view images), and Fig. 2(c) illustrates those
observed through the external shield (side-view images). The particle images shown in Fig. 2(b)
are the same as those in Fig. 2(a), but with indices to follow some typical particles (particle b1,
b2, and a). Note that the top-view images are indicated after the inversion of the grey scale for the
sake of visibility. The particles appear in black for both the top-view and side-view inverted images.
The particles gather to align, forming a closed structure PAS of m = 1 about the z axis of the
liquid bridge. The PAS seems rotating without changing its shape or spatial structure at a constant
azimuthal angular velocity. In this example, the rotating direction of the PAS is counterclockwise
when one observes from above. The PAS locates in the vicinity of the free surface and never
penetrates into the deep interior region of the liquid bridge. It is emphasized that this PAS does
not consist of a spiral structure in the interior region, which has been demonstrated by experiments
[59,60,85] and numerical simulations [87,88]: The present coherent structure exhibits a closed path
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FIG. 2. Typical example of time series of particle images of PAS under �T = 40 K or Ma = 3.3 × 104:
(a), (b) Particle images observed through the upper rod (top-view images), and (c) those observed through the
external shield (side-view images). The particle images shown in (b) are the same as those in (a); we put indices
in (b) to follow some specific particles (particles b1, b2, and a).

in 2π in the azimuthal direction without exhibiting a helical motion in the returning flow near the
bottom rod toward the top rod. Such PAS is named in the present paper as the PAS without a spiral
in the HTW of m = 1. The particles b1 and b2 keep forming this type of PAS; these are chosen as
typical examples of the majority of the suspended particles to form this type of PAS. Particle a, on
the contrary, travels in the vicinity of the coherent structure by the major group of the particles to
which particles b j belong. The characteristics of particles b1, b2, and a will be discussed in Fig. 3.
Note again that the side views of the particle images are detected via the high-speed CMOS camera
located at θ = 0 rad. The particles forming this coherent structure, such as the particles b j , travel
clockwise, i.e., in the opposite direction to the PAS. This is a common feature for the PASs with a
spiral in the HTW of m = 1 [59,60] as well as those for the PASs of m = 3 [55,62,63,66–68,95].
The fundamental frequency of the PAS rotation in the azimuthal direction is evaluated as fHTW =
5.58 Hz by analyzing the top-view particle images. Under the present conditions, it is confirmed
that τPAS = τHTW, as measured in the case of m = 3 [67,68]. Thanks to the condition V/V0 ∼ 1,
the curvature of the free surface along the z axis becomes smaller than that in the liquid bridges
of V/V0 < 1 as employed in Refs. [59,60]. Such a liquid-bridge shape enables us to track the
particles in the side-view images especially at θ ∼ 0, where the side-view camera is installed, and
the opposite side (at θ ∼ π ). By comparing of the azimuthal positions of the particles obtained in
the top-view images, we determine the height positions of the corresponding particles. Figures 3(a)
and 3(b) illustrate the time series of the particles as labeled in Fig. 2(b) as b1 [in column (i)], b2 [in
column (ii)], and a [in column (iii)]: Rows (a) and (b) in Fig. 3 indicate the particles’ motion in the
laboratory frame and in the rotating frame of reference, respectively. Particles b1 and b2 belong to
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FIG. 3. (a), (b) Time series of projected trajectories of particles labeled b1 [in column (i)], b2 [in column
(ii)], and a [in column (iii)] in the laboratory frame and in the rotating frame of reference, respectively. Each
label is the same as illustrated in Fig. 2(b). The trajectories in grey are the whole data detected within a period
of 10.914 s or 60.91 period of the PAS rotation. The colored trajectory in each frame indicates mimicked data
for �τ = 0.860 s for particle b1, 1.062 s for particle b2, and 1.786 s for the particle a. A small circle is plotted
in each frame to indicate τ/τHTW = 0 of the particle within the mimicked period, which corresponds to the
position of rmin nearest to the beginning of the tracked particle trajectory. (c)–(e) Time series of the radial
(r/R), azimuthal (ϕ), and axial (z/H ) positions of each particle, respectively.
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the particle group forming the PAS without a spiral in the HTW of m = 1 as indicated. Particle a
travels near the PAS, but does not belong to the group to form the PAS to which particles b j belong.
The trajectories in grey are the whole data detected within a period of 10.914 s or 60.91 period of
the PAS rotation. The colored trajectory in each frame indicates a mimicked data for �τ = 0.860 s
(corresponding to a period of the PAS rotation �τ/τPAS = �τ/τHTW = 4.80) for particle b1, for
1.062 s (5.93), for particle b2, and for 1.786 s (9.97) for particle a. The orbits of these particles
appear to be almost periodic. This is largely due to the fact that the colored regions are very short
term and the orbits are long-term nonperiodic (gray-colored regions). A small circle is plotted in
each frame to indicate τ/τHTW = 0 of the particle within the mimicked period. We start tracking
these particles when their radial position is minimum or r = rmin. In the laboratory frame (Panel (a)
in Fig. 3), the particles b j travel azimuthally in clockwise as previously stated. In the rotating frame
of reference (Panel (b) in Fig. 3), the particles travel toward the free surface from the interior region
of the liquid bridge, and then they travel near the free surface by sliding down toward the bottom rod,
whereupon they return in the interior region without exhibiting a helical motion as observed in the
terrestrial and microgravity experiments [59,60] as remarked. The particles travel to form the PAS
not along a fixed linelike trajectory, but along the trajectories scattered in a limited region. While the
flow under a fixed Ma is apparently steady and periodic in ϕ in the rotating frame, the trajectories
of the marked particles on their respective PAS are not exactly periodic. This may indicate that they
move in the vicinity of KAM tori which are nested around periodic streamlines. It would not be able
to definitively determine, unfortunately, whether the streamlines and KAM tori are actually spatially
periodic in our experiments. After changing their direction near the free surface, the particles follow
a narrow region to form the PAS without a spiral. That is, the trajectory periodically returns close
to itself near the free surface. We also find another type of PAS: Particle a is a particle traveling
temporarily in the vicinity of the PAS of m = 1 without a spiral. In the laboratory frame, this particle
travels counterclockwise in the azimuthal direction, i.e., the same direction as the rotation of the
PAS without a spiral. This is a unique feature of this particle a. In the case of the PAS of m = 3, a
similar feature is sometimes seen for the particles forming the core [55,68]. It must be noted that
the particles forming the core exhibit rather random motion [22]; they move back and forth in the
azimuthal direction [68]. Particle a, on the contrary, keeps traveling in the same azimuthal direction
in net: Notwithstanding that particle a sometimes travels clockwise for a while within a period for
its turnover motion, this particle moves counterclockwise after each turnover period as illustrated in
frame (iii)-(a) in Fig. 3. Such azimuthal motion in net of the particles was detected for the PAS in the
HTW of m = 1 with a spiral [59,60], but not for the particles on the core [68]. In the rotating frame
of reference, this particle a is found to exhibit another type of the ordered trajectory in a short period.
In other words, this particle is attracted to a different periodic attractor (or limit cycle). It closes after
twofold revolutions in the azimuthal direction. It is found that the trajectories by particles b j and a
are quite similar to the structures labeled as groups B and A, respectively, by Barmak et al. [92]: We
thus label these particles as b j and a. It is also emphasized that particles b j travel, whose trajectory
is rather scattered within a tubular region of a finite cross area, whereas particle a travels along a
quite narrow region as if the particle travels for a while along a line-like trajectory.

The monitored particle trajectories may seem periodic on a short timescale, with a period of
one to close the structure for particles b j and with a period of two for particle a (as shown by the
colored parts of the trajectories in Fig. 3). On a longer timescale, the trajectories are not periodic.
Notwithstanding, each long-term trajectory always stays within a thin torus of period one in ϕ. This
may imply that attractors, which could be slightly chaotic, exist. It is noteworthy that these toroidal
regions to which the particles are attracted are quite similar to the KAM tori discovered by Barmak
et al. [92]. Further discussion will be made by illustrating the Poincaré sections (Figs. 7 and 8).

Figures 3(c)–3(e) illustrate the time series of the reconstructed positions of the particles as shown
in rows (a), (b): each row indicates the radial (r/R), azimuthal (ϕ), and axial (z/H) positions,
respectively, for particles (i) b1, (ii) b2, and (iii) a. These graphs indicate their variations in a
threefold period of the PAS rotation or 0 � t/τHTW � 3. Note that Fig. 3(d) indicates the azimuthal
position in the rotating frame of reference. One finds that Fig. 3(c), the radial position of particle
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b j , exhibits a single maximum in a single period of the PAS rotation. This differs from the cases of
the particle forming the PAS with a spiral in the HTW of m = 1 by Refs. [59,60,85], in which the
radial position exhibits double maxima in a single period. After particles b j reach closest to the free
surface, or r = rmax, it gradually penetrates into the interior region of the liquid bridge and reaches
the minimum position. Such minimum position, rmin, corresponds to the minimum radial position
of the trajectory of a particle on the attractor. The variation of (d), the azimuthal behavior in the
rotating frame of reference, seems almost constant; the temporal variation of ϕ is almost completely
dominated the azimuthal velocity of the rotating frame of reference. When one pays attention to the
variation in z, particles b j keep traveling in the top-half of the liquid bridge; the particles do not go
further down in the bottom half. Particle a, on the contrary, (c) the variation of the radial position
becomes different from that of the particles b j ; there exist three maxima in the twofold periods of
the PAS rotation. This ordered trajectory exists within a more limited region in z (0.6 � Z/H � 0.9)
than that by the particles b j . For both of the particles b j and a, the radial and axial positions become
locally maximum at the same instant for each despite the difference in their structures. That is, the
orbit for both types of the PASs reach locally highest in z when they come closest to the free surface
in r. It is also found that the maximum radial and axial positions (rmax and zmax) for particles b j

are larger than those for the particle a, and the minimum ones for the particles b j are smaller than
those for the particle a. It must be indicated that quite a few particles are found to exhibit an ordered
trajectory similar to that by particle a in the present series of experiments: Another attractor with the
shape of type A does coexist with type B in the liquid bridge, but there exists a notable difference in
the number of particles attracted by two distinct type of PASs. This may imply that the attractor of
the PAS of Type B is quite stably strong to attract many particles in the liquid bridge, whereas type
A is very weak or unstable. What we find through the present series of experiments are there exist
(a) nonperiodic (but almost periodic) trajectories such that a kind of fuzzy PAS results with period
one on average (particles b j) and (b) almost periodic PAS with period two on the short timescale
(particle a). It is unclear yet for the latter if period two can be resolved on the long timescale. It is
remarked that the particles are attracted to either one of two attractors. The identified attractors are
not simply periodic; it could possibly be that the attractors have a high periodicity. These highly
periodic attractors are hypothesized to be in close proximity to KAM structures that possess a high
period in ϕ, as described by Barmak et al. [92]. Alternatively, the attractors may exhibit weakly
chaotic behavior and may be located near regular KAM structures. Note that the difference between
a periodic attractor with very high periodicity and a chaotic attractor may not be resolvable, even
numerically (e.g., see Ref. [79]).

Our finding leads to what formerly has been called “PAS with a spiral” [59] by a phenomenolog-
ical terminology is in fact a subharmonic PAS with period two in the HTW with a wave number
m = 1. That is, we experimentally find another period-two PAS, the PAS without a spiral that
closes after twofold revolutions (type A), which is different from the PAS with a spiral structure
in the interior region of the liquid bridge [59,60]. Figure 4 illustrates the particle trajectories in the
top-view images in the laboratory frame that we succeed in reconstructing the time series of their
three-dimensional positions. We label the partially reconstructed trajectories of particle b1 as B(1)

1

for 2.108 s � t � 2.968 s (for �t = 0.860 s) and B(2)
1 for 5.342 s � t � 7.452 s (for �t = 2.112 s),

and those of particle b2 as B(1)
2 for 1.966 s � t � 3.386 s (for �t = 1.422 s) and B(2)

2 for 5.508 s
� t � 6.570 s (for �t = 1.062 s). We also label particle a as trajectory A(1) for 7.470 s � t �
9.256 s (for �t = 1.786 s). Note again that we succeed in detecting the z position of the particles
when the particles travel in the limited regions of θ ∼ 0 and π as stated: The side-view camera is
installed at θ = 0 in the laboratory frame. Because of the small-sized liquid bridge to overcome
inevitable deformation due to the static pressure, the common fields of view by the top-view and
side-view cameras to track the particles are quite limited compared to the liquid bridges formed
under microgravity conditions [48,49]. Especially due to the small radius of the liquid bridge, the
refraction at the free surface becomes more significant. That is the reason we reconstruct the three-
dimensional positions of the particles within regions limited in the azimuthal direction as illustrated.
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FIG. 4. Trajectories in laboratory frame succeeded in three-dimensional reconstruction from data of (i)
particle b1, (ii) particle b2, and (iii) particle a superimposed upon whole trajectories in grey (as shown in
Fig. 3).

To distinguish the particle behaviors to form coherent structures, we evaluate the frequency ratio of
the particle turnover motion, fp = 1/τp, to the traveling-wave-type convection caused by the HTW
instability, fHTW = 1/τHTW [67]. The frequency of the particle turnover motion is evaluated by
measuring the inverse of the period between rmin’s as illustrated in Fig. 3. The frequency of the HTW
is evaluated from the rotation of the PAS observed by the top-view camera as aforementioned. Note
that the rotation period τHTW remains constant under the corresponding Ma. The frequency ratio
fp/ fHTW for B(1)

1 , B(2)
1 , B(1)

2 , and B(2)
2 are of 0.967, 0.972, 0.977, and 0.971, respectively, whereas

that for A(1) is of 0.668. That is, the particles on the PAS of type B have almost period one, and the
particle on the PAS of type A has almost period two (or threefold overturns within two periods yield
0.668 × (3/2) ∼ 1). It is confirmed that fp/ fHTW remains almost constant for B(i)

j notwithstanding
the variations in the trajectories. Additionally, it is observed that the particles associated with the
trajectories B(i)

j and A(1) exhibit different structures in the thermal-flow field. Figure 5 indicates (a)
the bird’s-eye views and (b) the top views of the reconstructed trajectories for a certain period by
(1) particles b j and (2) particlea. The reconstructed regions are the same as defined in Fig. 4. One
finds the plane of ϕ = 0 in both bird’s-eye and top views to facilitate comparison of the positions of

FIG. 5. Reconstructed trajectories of (1) particles b j and (2) particle a in (a) bird’s-eye views and (b) top
views. The reconstructed regions are the same as defined in Fig. 4. Note that the whole data of the trajectories
in (b) the top views are illustrated in grey.
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FIG. 6. Comparison between (i) particle trajectories obtained in the present study and (ii) coherent struc-
tures predicted by Barmak et al. [92]: Panel (i) consists of the trajectories by the particle b1 and a, which
are labeled orbit B and orbit A, respectively. The conditions for both experimental and numerical results are
as follows: (i) 
 = 2.36, � = 1.6, Pr = 28.6, Re = 1.42 × 103, and St = 9.7 × 10−6 and (ii) 
 = 2, � = 1,
Pr = 68, Re = 1500, and St = 7.606 × 10−5.

the particle trajectories. The trajectories B(i)
j and ‘A(1)’ have different three dimensional structures.

We imply that the trajectory of the particles does not always remain as sharp as linelike structures
but scatters during the observation period: In focusing on the particle b1, for instance, this particle
travels regularly, whose path exhibits a sharp linelike orbit without scatter in the early stage of the
observation, labeled B(1)

1 . In the later stage, labeled B(2)
1 , on the contrary, the trajectory lies broader

in r and z despite that the trajectory apparently exhibits a spatial structure of the PAS of m = 1
without a spiral. The trajectory does not return to the same (r, z) location for constant ϕ, then
the Poincaré points would scatter. The trajectory labeled B(1)

2 for particle b2, whose observation
period is almost the same as B(1)

1 , the trajectory locates in rather the outer rim of the trajectory
distribution. Therefore, within this observation period, the particle is not attracted to a perfectly
periodic orbit. The period being slightly less than that of the HTW (deviation is about 3%). Such
features are also detected in relation to B(2)

1 and B(2)
2 , which are observed at approximately the

same time period. From these results, the scatter of linelike trajectories of particles b1 and b2 are
explained by considering the KAM tori [92]: The KAM torus is a closed stream tube on which
a regular streamline winds. The spatial structure of the trajectories of B(i)

j are similar to the torus
T B

1 . When one pays attention to particle a, on the other hand, this particle temporarily forms a
linelike structure. This particle keeps traveling along an orbit, and the trajectory overlaps densely.
For the period-two orbit, the deviation is only about 0.2%, which may signal the periodicity. The
spatial structure of this trajectory is quite similar to the closed streamline labeled LA

2 . Figure 6
indicates a comparison between (i) the particle trajectories obtained in the present study and (ii) the
coherent structures predicted by Barmak et al. [92]: Panel (i) consists of the partial trajectories by
the particles b1 and a, which are labeled orbit B and orbit A, respectively. Panel (ii) consists of the
coherent structures by the particles whose spatial structure resembles the KAM torus labeled as T B

1
and the closed streamline labeled as T A

2 [92]. The subscript indicates the number of the revolution
about the z axis for the particle to close their trajectory. The conditions for both experimental and
numerical results are as follows: (i) 
 = 2.52, � = 1.6, Re = 1.42 × 103, and St = 9.7 × 10−6

and (ii) 
 = 2, � = 1, Re = 1500, and St = 7.606 × 10−5. Both orbits A and B, as well as the
HTW, rotate with the same angular velocity in the laboratory frame. Consequently, the azimuthal
phase difference between orbits A and B is constant. That is, one would find these two structures
rigidly rotate without changing their mutual positions in the laboratory frame. This panel reveals
through the present experiments that there exist two different attractors simultaneously in the liquid
bridge. Notwithstanding the differences in � and in the thermal property in terms of Pr between
the present experiment and the numerical simulation [92], the shapes of different orbits and their
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FIG. 7. Column (i): Top view of trajectories of (a) particle b1 and (b) particle a. Column (ii) Poincaré
section at C-C′ cross section shown in column (i). Row (a) consists of the trajectories (a) B(1)

1 (in orange) and
B(2)

1 (in brown) by particle b1, and row (b) consists of trajectory A(1). Corresponding Poincaré points in column
(ii) are plotted in the same color as in column (i). The Poincaré points by different particles are illustrated in
grey in each frame.

mutual spatial correlation show a significant agreement in quality. It is emphasized that Barmak
et al. [92] predicted that the accumulation of the particles depends on 
: For smaller 
 (
 � 1.5
in their case), the PAS that closed after twofold revolutions about the z axis, or group A, would be
dominantly formed. For larger one (
 = 2 in their case), the two types of PASs, the groups A and
B, would coexist. The present experimental results clearly indicate the coexistence of the PASs of
m = 1 with the particles of 
 = 2.36; the one without a spiral, and the other that closed after the
twofold revolutions about the z axis. For coherent structures of m = 3, previous research [65,67,68]
has indicated that the coherent structures by low St-number particles are highly correlated with the
KAM tori. This leads us to consider that the KAM tori would be formed in the present system
as well, whose spatial structures are similar to the PAS of type B (without a spiral) and type A
(whose trajectory closes after the twofold revolutions). In the following, a comparison is made from
a different perspective using Poincaré sections of the reconstructed particle trajectories. Figure 7
indicates (i) the top view of the trajectories by (a) particle b1 and (b) particle a in the rotating frame
of reference, and (ii) the Poincaré section at C-C′ cross section as shown in column (i). Note that
the azimuthal position to illustrate the Poincaré section is determined by almost following Barmak
et al. [92]. They defined the position ϕ = 0 where the surface temperature becomes maximum,
and the Poincaré section was obtained on the full plane ϕ = −π/4 and ϕ = 3π/4, while in the
present study it is quite difficult to measure the surface temperature precisely via the IR camera. We
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FIG. 8. Comparison of Poincaré sections (i) by present paper and (ii) of streamline topology predicted by
Barmak et al. [92]. Panel (i) consists of the all data for the trajectories B(i)

j and a as separately illustrated in
Fig. 7 (redrawn in the rescaled graph to correspond to panel (ii)). The conditions for both experimental and
numerical results are as follows: (i) � = 1.6, Re = 1.42 × 103 and (ii) � = 1, Re = 1500.

then adopt the cross section passing the intersection position of particle trajectory A(1) as shown in
Figs. 7(i)–7(b) as a reference. The present results illustrated in this figure indicate that the Poincaré
points by particles b j and a distribute in quite different manner, whereas there exist two major
regions where the Poincaré points locate in common. For particles b j , the Poincaré points mainly
distribute obliquely to the central axis of the liquid bridge: In the region of x/R > 0, they are
dispersed in a flipped L shape in the region 0.5 < z/H < 0.9, while in the region of x/R < 0 they
distribute relatively dense in the region 0.4 < z/H < 0.6. This is a characteristic feature of orbit
B. When one tracks the Poincaré points of particles b j on the cross section, the position of the
points varies in each passing event at different instances. They distribute over a wider region in the
trajectories B(2)

j (in the latter half of the time series) than in the trajectories B(1)
j (in the first half

of the time series) as discussed in Fig. 5. For particle a, on the contrary, the Poincaré points are
densely distributed in separated regions in the top-half of the liquid bridge. Furthermore, there are
two dense distributions in each for both x/R > 0 and x/R < 0. When one tracks the Poincaré points
of the trajectory A(1) (by particle a), the point appears alternately in one of the two fixed regions
in each of the r-z planes in x/R > 0 and x/R < 0. This corresponds to the spatial structure of this
PAS that closes after the twofold revolutions about the z axis. This is a characteristic feature of
orbit A. It is noted again that this trajectory is found in the latter half of the time-series data: The
ordered structure A is found to emerge in the latter half period of the observation, in which the rather
scattered trajectories B(2)

j are observed. We do not have reach comprehensive conclusion about the
variation of the trajectories as a function of time; such variation be caused whether the ordered
regions of the thermal-flow field (the KAM tori) themselves are spatiotemporally unstable under
this condition or the KAM tori are stably formed but the particles are not stably attracted to keep
traveling in these regions. For further discussion, it is indispensable to establish an experimental
system that allows us to measure the particle behavior more accurately over extended durations.

Comparison of the Poincaré sections (i) by the present paper and (ii) of the streamline topology
predicted by Barmak et al. [92] is made in Fig. 8. Panel (i) consists of the all data as separately
illustrated in Fig. 7. Note that the aspect ratio of the graph is modified to match that by Barmak
et al. [92]. The conditions for (ii) the numerical simulation are the same as introduced for Fig. 6. The
Poincaré points by the trajectories B(i)

j distribute closer to the free surface than those by trajectory
A(1) in the cross section of x/R > 0, and vice versa in the cross section of x/R < 0. For trajectory
A(1), the Poincaré points form four dense groups as previously stated. It is noted anew there exist
unavoidable differences between the present experiments and the numerical analysis in terms of
the liquid bridge geometry (� and V/V0), the liquid properties (Pr, the temperature dependence
of the properties and the evaporation of the test liquid), as well as the experimental conditions in
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Re and heat transfer between the liquid bridge and the surrounding gas, and so on. Despite such
discrepancies in the conditions, the present results demonstrate at least two different attractors with
different periods coexisting in the HTW of m = 1, and these attractors seem to be related to two
different sets of KAM tori which are analogous to the tori T B

1 and T A
2 for a similar (but different)

high-Prandtl-number liquid bridge.
Under normal gravity conditions, it is quite intractable to conduct experiments by employing the

high-Pr liquids as Barmak et al. [92] adopted. Fine experiments under microgravity conditions with
large-scale liquid bridges, as demonstrated by Sakata et al. [59], would be invaluable in achieving
comprehensive understanding of such unique phenomenon through more direct comparisons.

IV. CONCLUDING REMARKS

We investigate experimentally coherent structures of low-Stokes-number particles driven by the
thermocapillary effect in a closed system. The target geometry is a high-aspect-ratio half-zone liquid
bridge, where the PAS [19] in the thermal-flow fields of m = 1 in azimuthal wave number emerges.
To aim at minimizing deviations of the shape of the liquid bridge from cylindrical, which is caused
by the static pressure difference between liquid and gas under the normal gravity condition, a small-
scale liquid bridge of O(10−3 m) is adopted.

We discover the PAS in the HTW of m = 1, whose spatial structure is different from those
indicated by the previous terrestrial [59,60,85] and microgravity [59] experiments, and by the
numerical simulations [87,88], with the particles heavier than the test liquid. This is the unveiling
of another type of PAS that has only been predicted by numerical simulation [90–92]. The coherent
structures by the particles are illustrated in the laboratory frame and in the rotating frame of
reference. Their spatial structure is formed to close after a single revolution about the z axis,
and is similar to that predicted by Barmak et al. [92], which is named in the present paper as
the PAS without a spiral in the HTW of m = 1. Individual particles of St = O(10−5) are tracked
to indicate their spatial-temporal behaviors forming the coherent structures. We indicate that two
major trajectories are simultaneously emanated inside the liquid bridge of � = 1.6: One is closed
after a single revolution about the z axis (with a period of one), and the other is closed after the
twofold revolutions about the z axis (with a period of two) without penetrating into the interior
region of the liquid bridge as predicted by Barmak et al. [92]. We demonstrate that the present
thermocapillary driven convection is characterized by multiple solutions due to the coexistence of
closed streamtubes with different spatial structures in the rotating reference system. Depending
on the specific conditions considered, particles may be attracted by one or even two ordered flow
structures.

We succeed in tracking some particles not only in the two-dimensional system with the projected
view observed from above but also in the three-dimensional system by the simultaneous monitoring
the suspended particles by two synchronized high-speed cameras from different view angles. The
Poincaré sections are successfully illustrated to indicate the spatial correlation between the ordered
trajectories. We indicate that the particle trajectory does not always locate within a finely narrow
area as a linelike structure but especially scatters the region for the particles travel near the heated
rod toward the free surface on a long-time scale. We have not reached any conclusions whether the
scatter of the trajectory is caused by the experimental imperfection or reflect the phenomenon itself.
It is noteworthy, in the case of m = 3, that the KAM (T 3

3 ) exhibits a rather flattened shape near the
free surface [79,83]. The “stretching is caused by high strain rate . . . due to the large thermocapillary
stresses near the hot corner” (for the case of m = 1) [92]. The scatter of the trajectory near the free
surface, as observed in the present series of experiments, might be indicative of the shape of the
KAM attracting the particles. The comparison of the Poincaré sections implies that the thermal-flow
field inside the liquid bridge is almost identical, realized in the coherent structures, notwithstanding
the differences in the geometry of the liquid bridge and the physical properties of the test liquid.

Further research would be inevitably needed to investigate the stability of the coherent structures
with different periods and the corresponding thermal-flow field. Experimental approaches, such as
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fine experiments by employing large-scale liquid bridges under microgravity conditions as Sakata
et al. [59] conducted, would be necessary.
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