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Spatio-temporal Behaviors of Particles Constituting

Particle Accumulation Structure (PAS) in a Half-Zone
Liquid Bridge Induced by Thermocapillary Effect
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We investigate experimentally so-called particle accumulation structure (PAS) as discovered by Schwabe et
al.h This phenomenon is observed in a half-zone liquid bridge (Fig. 1.), and which has a three-dimensional
ordered structure formed by the uneven distribution of low-Stokes-number particles in a nonlinear thermal
convection field. A liquid bridge is formed by holding a certain amount of liquid between the end of the surface
of coaxial circular rods. In our experimental apparatus, the rod placed at the upper part is heated (at Ty) while
the rod placed at lower part is cooled (at T¢) to induce a designated temperature difference AT (= Ty — T¢)
between the end of the surface of the liquid bridge. This temperature difference becomes the driving force for
the fluid over the free surface, which is due to the temperature dependence of the surface tension. As AT is
increased, the convection field within the liquid bridge exhibits a transition from a two-dimensional steady
state to a three-dimensional oscillatory state by the hydrothermal wave instability. Such a unique coherent
structure manifests in convective flows exhibiting rotational oscillations?. Due to the complexities involved in
constructing experimental setups for this system on the ground (normal gravity conditions), prior
experimental studies have predominantly focused on oscillatory flow conditions with a low-aspect-ratio
cylindrical geometry, where the thermal convection structure exhibits azimuthal wave numbers 2 < mypy <
5 29, Therefore, research focused on high-aspect-ratio liquid bridge with myrw =1 has mainly been
conducted by numerical simulations®?). In recent years, advancements in experimental setups have made it
possible to achieve stable observations of PAS of myrw = 1, which have been demonstrated under both
normal and microgravity conditions®9. However, the detailed three-dimensional structure of particle
trajectories and the presence of corresponding ordered flow structures known as the Kolmogorov-Arnold-
Moser (KAM) tori'® in the high-aspect-ratio liquid bridges remain unexplored.

In the present study, we discovered a PAS which has a distinct spatial structure from the previously reported
ones (Fig. 2.). Additionally, we achieved accurate quantitative analysis of particle behavior through PTV (Fig.
3.) and unveiled the simultaneous existence of two distinct particle trajectories with unique characteristics.
Moreover, these structures exhibit similarities with the results of numerical simulations 7. Consequently, we
managed to identify streamlines with a significant potential to serve as particle attractors. These findings

suggest the potential coexist of KAM tori within the convection fields .
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Figure 2. (a) Particle image observed through the upper rod, (b) image
monitored through the external shield.
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Figure 3. Row (i): top view of coherent structures by (a) particle-b1 and (b) particle-b2 and (c) particle-a.
Row (ii): Poincaré section at C-C’ cross-section shown . Column (a) and (b) consists of the trajectories (a)
‘B1)Y (in orange) and ‘Bi®’ (in brown) by the particle-b1 and (b) ‘B2’ (in deep blue) and ‘B2®’ (in light blue)
by the particle-bz, and Column (c) consists of the trajectories “A1” (in red) by particle-a.

Acknowledgement

This work was partially supported from the Japan Society for the Promotion of Science (JSPS) by Grant-in-Aid
for Challenging Research (Exploratory) (grant number: 20K20977).

References

1)  D.Schwabe, P. Hintz, and S. Frank, New features of thermocapillary convection in floating zones revealed by tracer
particle accumulation structures (PAS), Microgravity Sci. Technol. 9, No. 1-2, 163-168 (1996).

2) D.Schwabe, A. 1. Mizev, M. Udhayasankar, and S. Tanaka, Formation of dynamic particle accumulation structures
in oscillatory thermocapillary flow in liquid bridges, Phys. Fluids, 19 (2007) 072102, DOI: 10.1063/1.2742304.

3) S. Tanaka, H. Kawamura, I. Ueno and D. Schwabe, Flow structure and dynamic particle accumulation in
thermocapillary convection in a liquid bridge, Physics of Fluids, 18 (2006) 067103, DOI: 10.1063/1.2208289.

4) M. Gotoda, A. Toyama, M. Ishimura, T. Sano, M. Suzuki, T. Kaneko and I. Ueno, Experimental study of coherent
structures of finite-size particles in thermocapillary liquid bridges, Phys. Rev. Fluids, 244 (2019) 299, DOI:
10.1103/PhysRevFluids.4.094301.

5) T.Oba, A. Toyama, T. Hori and I. Ueno, Experimental study on behaviors of low-stokes number particles in weakly
chaotic structures induced by thermocapillary effect within a closed system with a free surface, Phys. Rev. Fluids, 4
(2019) 104002, DOLI: 10.1103/PhysRevFluids.4.104002.

2 of 3


https://pubs.aip.org/aip/pof/article/19/7/072102/927037/Formation-of-dynamic-particle-accumulation
https://pubs.aip.org/aip/pof/article/18/6/067103/919652/Flow-structure-and-dynamic-particle-accumulation
https://journals.aps.org/prfluids/abstract/10.1103/PhysRevFluids.4.094301
https://journals.aps.org/prfluids/abstract/10.1103/PhysRevFluids.4.104002

6)
7)

8)

9)

10)

P. Capobianchi and M. Lappa, On the influence of gravity on particle accumulation structures in high aspect-ratio
liquid bridges, J. Fluid Mech., 908 (2021) A29, DOI : 10.1017/jfm.2020.882.

I. Barmak, F. Romano and H. C. Kuhlmann, Finite-size coherent particle structures in high Prandtl-number liquid
bridges, Phys. Rev. Fluids, 33 (2021) 19, DOI : 10.1103/PhysRevFluids.6.084301.

T. Sakata, S. Terasaki, H. Saito, S. Fujimoto, I. Ueno, T. Yano, K. Nishino, Y. Kamotani and S. Matsumoto, Coherent

structures of m = 1 by low-Stokes-number particles suspended in a half-zone liquid bridge of high aspect ratio:
Microgravity and terrestrial experiments, Phys. Rev. Fluids, 7 (2022) 014005, DOI : 10.1103/PhysRevFluids.7.014005.
S. Terasaki, S. Sensui and I. Ueno, Thermocapillary-driven coherent structures by low-Stokes-number particles and
their morphology in high-aspect-ratio liquid bridges, Int. J. Heat Mass Transf, 203 (2023) 123772, DOI :
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123772

F. H. Muldoon and H. C. Kuhlmann, Coherent particulate structures by boundary interaction of particles in confined
periodic flows, Physica D: Nonlinear Phenomena, 253 (2013) 40, DOI : https://doi.org/10.1016/j.physd.2013.02.010

© 2023 by the authors. Submitted for possible open access publication under the
@ ® terms and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/li censes/by/4.0/).

3 of 3


https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/on-the-influence-of-gravity-on-particle-accumulation-structures-in-high-aspectratio-liquid-bridges/668AAF9DFA2D2D7F55A5232648EBA961
https://doi.org/10.1103/PhysRevFluids.6.084301
https://doi.org/10.1103/PhysRevFluids.7.014005
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123772
https://doi.org/10.1016/j.physd.2013.02.010
http://creativecommons.org/li

