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研究成果の概要（和文）：温度差マランゴニ効果によって発現する閉鎖系内粒子挙動に関して，ハーフゾーン液
柱および自由液膜を対象とした系を用いて，特にこれまで観察が困難とされていた自由表面近傍での粒子追跡を
行った．また，粒子挙動と自由表面の動的・静的変形の高精度同期計測系の構築を行い，研究協力者が実施した
宇宙実験を比較対象としてその粒子挙動と熱対流場との関係を明らかにした．さらに，液体自由表面と粒子との
相互作用について特に動的な濡れ挙動に対する影響を実験的・理論的に明らかにした．

研究成果の概要（英文）：The motion of a small spherical particle of finite size in closed systems 
with free surface is investigated. Liquid bridge, liquid film and hanging droplet are empolyed as 
the target geometries. It is shown that limit cycles obtained numerically by one-way-coupled 
simulations based on the Maxey-Riley equation and a particle-surface interaction model compare 
favorably with the experimental results. We find that the particle accumulation structures are 
realized in this geometry and that their structures vary as a function of the intensity of the 
thermocapillary effect.
We also focus on the interaction between the particle and the free surface of the droplet spreading 
on the smooth substrate. It is found that a sharp acceleration occurs when the liquid starts wetting
 the extra surface area offered by the particle and forming a meniscus. A theoretical model based on
 the classical wetting dynamics dictated by Cox’s law is developed.

研究分野：熱工学
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１．研究開始当初の背景

　自由界面を有する流体中に非混和性固体・
液体粒子を含有する系は，幅広い空間スケー
ルにおいて自然界，産業界ともに多く見られ
る．例えば，大規模空間スケール（O(km  ~ 
m)）で見られるものとして，岩石や土砂を含
む河川や地下水脈，土石流，火山におけるマ
グマ流れなど，中規模空間スケール（O(m  ~ 
mm)）ではコーヒーなど微粒子を含有する飲
み物や，溶液中での結晶成長過程，特殊固体
薬剤等を含有した消化用薬剤など，さらに，
小～微小空間スケール（O(mm ~ μm/nm)）で
は，眼球周りの生体液，μTA Sなどの微小領
域での化学反応用チップ，化粧品等での微細
粒子を含有するコロイドやゲル溶液など，対
象となる系は非常に幅広く存在する．
　バルク液体中の固体粒子の挙動について
は，ブラウン運動のようなメゾスケールでの
挙動や流体追従性など，これまで数多くの研
究が行われており，流体中の固体粒子の運動
やパターン形成などの学術的知見が蓄積され
ている．しかしながら，液液界面あるいは気
液界面といった自由界面近傍での粒子挙動に
関しては，当該系が広く産業界においても対
象となっているにも関わらず，系の複雑さ，
パラメータの煩雑さからこれまでほとんど知
見が蓄積されていないのが現状である．1996
年に，結晶成長過程での融液内固体粒子挙動
に関する研究がドイツのSchwabeらによって
行われ，所定の温度差を有する同心円端面対
向ロッド間に形成した液体内の粒子がある特
定の条件下においてある特殊な構造，いわゆ
る動的粒子集合（Particle  Accumulation 
Structure  (PAS)）を呈することが明らかにさ
れた（Schwabe et al., Microgravity Sci. Technol. 
9,  1996）．その後，実験的研究が進められ，
地上および微小重力環境下においてその発生
条件（Ueno  et  al.,  Phys.  Fluids  15,  2003; 
Schwabe et al., Phys. Fluids 19, 2007）や，３次
元構造の再構築（Nishimura et al.,  Exp. Fluids 
38,  2005），PASを構成する粒子の速度場計
測（Abe et al., Ann. NY Acad. Sci. 1161, 2009; 
Niigaki & Ueno, JSASS 10, 2012）が行われて
きた．近年，特に欧州で理論解析が盛んであ
る．この特殊な構造形成は，粒子運動と対流
構造間のフェーズ・ロッキングによるという
モデル（Pushkin et al., PRL 106, 2011）や，気
液界面と有限空間を占める粒子との相互作用
によるというモデル  (Kuhlmann  &  Muldoon, 
PRE 85, 2012) が提案されている．しかしなが
ら依然として自由表面と液体内固体粒子の相
互作用，および相互作用に起因する粒子挙動
やパターン形成についてはその機構が全く明
らかになっていないのが現状である．
　本プロジェクトでは，高精度実験技術（上
野），大規模数値計算技術（塚原），界面熱
流体物理の理論（Kuhlmann（協力者））お
よび微小重力環境を利用したモデル実験
（Pettit（協力者））を融合し，自由界面−粒

子間相互作用に起因する液相内粒子特異的パ
ターン形成の解明を通じて，『自由界面−粒
子間相互作用を含むマルチフェーズ・マルチ
スケール界面熱流体』系の深化を目指して有
機的に取り組むものである．

２．研究の目的
　本プロジェクトでは，『自由界面−粒子間
相互作用を含むマルチフェーズ・マルチスケー
ル界面熱流体現象』を対象とし，高精度実験
技術（上野），大規模数値計算技術（塚原），
界面熱流体理論（Kuhlmann（協力者））お
よび微小重力環境を利用したモデル実験
（Pettit（協力者））を融合し有機的に取り組
む．熱・物質輸送問題を高精度で予測するた
めの第一原理的運動理論と，簡易化した受動
的粒子運動モデルをすり合せ，自由界面−粒
子間相互作用に起因する液相内粒子得意的パ
ターン形成の解明と，本体系の深化を目的と
する．

３．研究の方法
　本研究では，自由界面を有する液体流の粒
子の運動および粒子群の挙動の解明を通じ，
自由界面 − 粒子間相互作用を含むマルチ
フェーズ・マルチスケール界面熱流体現象に
関する動力学の深化を目指して，下記の内容
および担当で研究を実施した．
【実験】自由界面を有する液体の準閉塞空間
内での固体粒子運動の解析（３次元粒子速度
追跡速度計測法），自由表面上温度変動（放
射温度計）および自由表面の動的・静的変形
（共焦点レーザ変位計）の高精度同期計測
（上野）．自由液膜内粒子群挙動の高精度解
析（上野・DRP）
【数値計算】流体−粒子間一方向および双方
向相互作用を考慮した数値計算コードの開発
（気液２相計算に置いてVoF(volume  of  fluid)
法，固相再現においてIB(immersed  boundary)
法 ， 界 面 張 力 の 計 算 に お い て は
CSF(continuumsurface  force)モデルを用いた）
（塚原）．
【理論】液体−粒子間双方向相互作用を考慮
した理論モデルの構築．特にK A M環状体内
外と粒子との相互作用に注目した（HCK）

４．研究成果
　温度差マランゴニ効果によって発現する閉
鎖系内粒子挙動に関して，ハーフゾーン液柱
および自由液膜を対象とした系を用いて，特
にこれまで観察が困難とされていた自由表面
近傍での粒子追跡を行った．定常流状態での
粒子挙動に注目し，Maxey-Rileyモデルと，
研究協力者によって提案されたその修正モデ
ルの妥当性を明らかにした（図１）．また，
粒子挙動と表面温度変動の高精度同期計測系
の構築を行い，粒子集合現象とHydrothermal 
wave不安定性による熱対流場との関係を明ら
かにした（図２）．これまで実験的に提示さ
れていた動的粒子集合現象の発現プロセスに



対し，プラントル数の異なる試験流体を用い
た際にそのモデルが適用できないことを実験
的に初めて明らかにした．

図１　ハーフゾーン液柱内での温度差マラン
ゴニ効果による粒子の２次元運動と修正
Maxey-Rileyモデルの比較（Romano et al. 2017 
（発表論文［雑誌論文］5.））．

図２　懸垂液滴内での温度差マランゴニ効果
による動的粒子集合現象と熱対流場との相関
（Takakusagi & Ueno 2017 （発表論文［雑誌
論文］3.））．

図３　液敵前縁部と固体球状粒子との相互作
用による球周りの濡れと液滴前縁部加速に関
する実験および理論モデルの比較（Mu  et  al. 
2017 （発表論文［雑誌論文］2.））．

　さらに，液体自由表面と粒子との相互作用
について特に動的な濡れ挙動に対する影響を
実験的・理論的に明らかにした（図３）．こ

れにより球状粒子まわりにメニスカスが形成
され，その圧力不均一分布によって球近傍に
液体が急激に駆動されることが固液気３相境
界線の爆発的な加速を実現することを初めて
示すことが出来た．
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FIG. 14. Axisymmetric flow in a liquid
bridge with (right) and without (left) a
rigid surface layer of height hs = 0.06
adjacent to the cold rod. The rigid layer
is indicated in gray. The other parame-
ters are Pr = 28.5, Re = 331, � = 0.66,
V = 1.0, and Bd = 0.40.

Numerical simulations using the two-fluid model have
been carried out for different heights hs of the rigid film. The
effect on the flow is illustrated in Fig. 14, which shows the
streamlines with (right) and without (left) a rigid surface layer
for hs = 0.06 (corresponding to 0.15 mm in our experiment). It
can be seen that the streamlines do not change much in the bulk.
In the absence of the immobile film, the streamlines follow the
free surface nearly all the way down to the cold wall where
they bend very sharply (left part of the figure). If, however,
an immobile film is present, the outer streamlines are much
smoother near the cold wall (right part of the figure), an effect
which is accompanied by a weak separated eddy that forms in
the corner made by the cold wall and the immobile film (the
separating streamline is not shown in the figure). Due to this
effect, a particle transported in the vicinity of the free surface
is expected to return to the bulk earlier than in the absence
of a rigid film. This is indeed confirmed by the simulation
of the particle trajectory using the two-fluid model (TFM).
Figure 15 shows rp(t) as in Fig. 12 but supplemented with
the particle trajectories for the TFM for hs = 0.03, 0.06, and
0.09 corresponding to 0.05 mm, 0.10 mm, and 0.15 mm in
our experiment, respectively. Note that, different from ⌧, Rmax
and Rmin are hardly affected by the height hs of the rigid film.
Their values depend mainly on �, which, however, is not a fit
parameter.

The calculations reveal a remarkable sensitivity of the
time-dependence of the trajectory with respect to the length of

the rigid film, even for very small film lengths. As expected, the
particle departs from the free-surface much earlier than in the
absence of a rigid film. This earlier departure causes a reduc-
tion of the period of the limit cycle. By variation of hs the period
of the calculated limit cycle can be matched with the experi-
mental one. We find a perfect period matching for hs = 0.06
corresponding to 0.10 mm (see Table V). Such a narrow ring
of adsorbed contaminants cannot easily be observed directly
in the experiment. We do not intend to predict the amount or
the structure of impurities, we only point out the sensitivity of
the orbit time ⌧ with respect to impurities immobilizing the
free surface in a small region near the cold wall.

Small differences between the experimental trajectory and
the numerical result remain for part of the trajectory near
the free surface. Possible reasons could be the approximation
inherently associated with the PSI model, the physicochemical
properties of the adsorbed material, or the simplified way sur-
factants are modeled. Another possible source of error is the
variable index of refraction n(x) in the liquid. In particular, the
radial gradients of n near the free surface might affect the opti-
cal path such that the radial coordinate of the particle position
is overestimated near the free surface in the experiment. The
results, however, indicate the precision standards necessary for
experimental procedures and techniques and the requirements
for chemical cleanliness. In turn, the importance of model-
ing adsorbed impurities is demonstrated, if the period of the
limit cycle of a small but finite-size spherical particle is to be

FIG. 15. Radial component of the par-
ticle trajectory moving along the limit
cycle in an axisymmetric liquid bridge
for ap = 25 µm, % = 1.69, d = 1.65 mm,
Pr = 28.5, Re = 331, � = 0.66,V = 1.0,
and Bd = 0.40. The dashed and solid
lines indicate numerical data obtained
with the single-fluid and the two-fluid
solver, respectively. The experimental
data are shown with open circles. The
full symbols depict three heights for the
surfactant layer: hs = 0.03 (squares),
0.06 (circles), and 0.09 (triangles).

from right to left in this case. In frame (d), a group of black
dots indicate the particles inside the droplet. It is noted that the
side view is obtained with a full illumination of the droplet, and
large focal depth covers almost half of the droplet in the r

direction so that almost all of the particles in the r − z planes at
θ = θ1, on which the side view camera is located, are detected.
One can distinguish the particles traveling near the free surface
by judging the size of the black dot due to the distance from the
focal point and the direction of the points flowing down toward
the tip of the droplet. When a band of relatively high
temperature (hotter region) emerges near the droplet tip, a
group of particles rise toward the hot-end wall in the central
region inside the droplet (e.g., 3π/2 ≲ θ ≲ 7π/3 in the figure).
When a thermal band of relatively low temperature (colder
region) appears near the hot-end wall on the free surface, the
particles come closest to the free surface (π ≲ θ ≲ 2π in the
figure) and then go down along the colder region toward the
bottom end of the droplet (π/2 ≲ θ ≲ 3π/2). Such behavior is
similar to that in the liquid bridge; it was reported that the
particles on the PAS in the half-zone liquid bridge appear near
the free surface with a band of relatively low temperature.7 It
should be noted, however, that the spatial correlation between
the particle behaviors and the surface temperature distribution
due to the hydrothermal wave depends on 7 in the HZ liquid
bridge.8,25 This article does not deal with the effect of 7 on the
hydrothermal wave and PAS; further discussion would be
needed to judge the 7 effect in this geometry.

Spatiotemporal Behavior of Particles. In the following
text, we focus on the motion of individual particles for different
flow regimes. Figure 8 indicates typical examples of the
reconstructed orbits of the particles in (1) steady flow, (2)
PAS1, and (3) PAS2 in the traveling wave in (a) the bird-eye
view and (b) the top view. The meshes show the droplet shape,
and plots show reconstructed positions of different particles at a
constant time interval in the figures. Column (c) indicates the
temporal variations of the position of a particle from the
reconstructed data shown in (a) and (b). In the case of steady
flow, the behaviors of two different particles are illustrated (row
(1)). It is clearly seen that both particles travel along almost the
same trajectory in a certain r − z plane. The particles travel
along the end surface of the rod (z ≈ 0) from the central region
of the droplet toward the free surface. The particles slide down
toward the droplet tip and change their direction to rise up
along the center line (or z axis) toward the end surface as
already mentioned. This is the basic turnover motion of the
particles as described before. Note that there have existed no
investigations giving a comprehensive explanation of why the
particles gather in almost a certain r − z plane even under the
steady flow state.
In the PAS1 state, as described above, the particles disperse

again in the droplet but form a whip-like structure that seems to
rotate. The trajectory of an individual particle in the
hydrothermal wave state accompanying PAS1 lies approx-
imately in a plane of θ = const in a single turnover period of the
particle motion. Such behavior is similar to that in the case of
steady flow. However, upon rising from the cold bottom spot to
the hot wall near the z axis, the particle can move to another
plane at another azimuth. This behavior is most likely due to
the symmetry breaking of the hydrothermal wave with
azimuthal wavenumber m = 1. The essence of the rotating
whip-like structure is that each particle steadily travels in each r
− z plane but with a constant phase difference from
neighboring particles as shown in Figure 9a. In this frame,
the small black dots are particle positions as shown in Figure
8(2). The square marks indicate the positions of different
particles at the same instance t [s] = t0, and the circles at t = t0 +
Δt (Δt = 0.33 s). The solid red and blue lines indicate the

Figure 6. Typical examples of (a) the time series of the surface
temperature deviation at z = H/2 for the droplet measured by IR
camera and (b) their Fourier spectra in the flow regimes of (1) steady
flow, (2) the standing wave, (3) PAS1 and (4) PAS2 in the traveling
wave under the same conditions as shown in Figure 4.

Figure 7. Snapshot of the deviation of the surface temperature (a) and
side view of the droplet (b). Frames (c) and (d) indicate typical
examples of those for two cycles of the oscillation monitored along the
central longitudinal line of the droplet (the dashed-dotted lines in (a)
and (b)) after the phase-matching procedures. The color range in (c)
is same as the color bar in (a). The black dots in (d) indicate the
particles flowing in the hanging droplet.
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FIGURE 2. Behaviour of an advancing liquid wedge being incident on a spherical particle
of diameter 50 µm. The lower half of each side view image is the reflection of the upper
part at the substrate surface.

3010 20

Particle

40 50 60

Exp.
Model

70 80 90 100 110 120 130 140 1500

10

20

30

40

50

t

FIGURE 3. Profiles of the meniscus at a particle foot extracted from side view images.
The time interval between two profiles is 0.128 s. The first and last profiles are taken at
t = 1.424 s and t = 2.320 s, respectively. Some side view images are shown as insets. The
lower half of each inset image is the reflection of the upper part at the substrate surface.
Broken-line curves show the profiles predicted by the theoretical model (§ 4) for angular
positions ' of MCL-p similar to the experimental ones.

acetone and then by a plasma cleaner (PDC 32G, Harrick Plasma) for a duration of
10 min. A particle is next placed on the substrate at a given distance L (3–4 mm)
from the needle position. The particle is a gold-coated acrylic sphere with a diameter
in the range from 10 to 50 µm.

Two distinct measuring configurations are employed: one for optical observations
from top and side views (figure 1a) and another for laser interferometry (figure 1b). In
the top and side views, the local deformation of the liquid wedge around the particle
is monitored (figure 2) by high-speed cameras (Photron, Fastcam-Mini) at a typical
frame rate of 250 f.p.s. with a 500⇥ objective lens. A lighting system consisting of
a 350 W metal-halide lamp (Photron, HVC-SL) is used. From the recorded side view
images, the profile of the air–liquid interface and the angular position ' of the MCL
on the particle (hereafter referred to as MCL-p) are determined (figure 3). Laser
interferometry is performed to detect the contact angle ✓ and to follow the motion
of the macroscopic contact line at the substrate (hereafter referred to as MCL-s), as
shown in figure 4. Laser light of 532 nm wavelength is incident on the advancing
liquid wedge through an associated optical system. The resulting fringe pattern is
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