Tribology International 154 (2021) 106749

=

TRIBOLOGY
INTERNATIONAL

Contents lists available at ScienceDirect

Tribology International

FI. SEVIER

journal homepage: http://www.elsevier.com/locate/triboint
Review R
Directional interfacial motion of liquids: Fundamentals, evaluations, and

manipulation strategies

Qingwen Dai”, Wei Huang °, Xiaolei Wang“, M.M. Khonsari ™"

@ National Key Laboratory of Science and Technology on Helicopter Transmission, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016, China
b Department of Mechanical and Industrial Engineering, Louisiana State University, 3283 Patrick Taylor Hall, Baton Rouge, LA, 70803, USA

ARTICLE INFO ABSTRACT

Keywords: The Marangoni effect—often invoked to describe the so-called “tears of wine”—is in essence the mass transfer
Directional _mterfaaal motion along an interface between two fluids due to a gradient of the surface tension. If, in addition, the system ex-
Thermocapillary periences a temperature dependence, the phenomenon is called thermocapillary migration. It is an interfacial
Surface and interface . . . L . C .

Microstructures phenomenon where chemistry, physics, and engineering intersect and has extensive application prospects in

modern machinery. It can accelerate the spreading of liquids to enhance the condensation and heat transfer
efficiency in condensation assemblies, contribute to the flow rate in open microfluidics, or manipulate tiny
amounts of liquids in microelectromechanical systems. In tribo-systems, although lubricant migration contrib-
utes to wet rubbing surfaces, an unexpected migration might disrupt the flow, either partially or fully starve the
contact area, and cause system failure. It is important not to inadvertently control the lubricants migration for
advancing the design philosophy of modern mechanical components. Hence, this paper presents a comparative
review of the fundamentals of interfacial motion of liquids, evaluation methodologies, and manipulation stra-
tegies in design. Of particular interest is the implementation of manipulation strategies for modern tribo-systems
exposed to thermal gradients and establish general guidelines for the design of miniature rolling bearings,
microfluidics, and condensation and heat-transfer devices.

1. Introduction

The Marangoni effect—often invoked to describe the so-called “tears
of wine”—was first reported in the 1860s by the Italian physicist Carlo
Giuseppe Matteo Marangoni [1-7]. It describes a phenomenon that
when the wine is poured into a clean wine glass, it tends to wet the glass
wall and form a wine film. Then the generated droplets run down along
the glass surface to form a necklace, like tears, as shown in Fig. 1.
Fundamentally, this interfacial phenomenon is a mass transfer con-
taining a sequence of surface force events of wetting, capillarity, film
instability, and film dynamics. Surface tension gradient along the lig-
uid/gas interface induced by the evaporation of alcohol is the dominant
force within the entire process [8-12].

In addition to the aforementioned evaporation-induced surface ten-
sion gradient of liquids, there are other mechanisms that can drive liq-
uids moving on solid surfaces without any external forces. A similar
interfacial phenomenon triggered by temperature dependence is known
as thermocapillary migration (or motion or creep or convection) [13]. It
is an intriguing interfacial phenomenon where chemistry, physics, and
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engineering intersect and has extensive application prospects in modern
machinery. For instance, it can accelerate the spreading of liquids to
enhance the condensation and heat transfer efficiency in condensation
assemblies, contribute to the flow rate in open microfluidics, or
manipulate tiny amounts of liquids in microelectromechanical systems
(MEMS) [14-16].

Special attention should be paid to the migration encountered in
tribo-systems, where thermal gradients are presented due to the prox-
imity of either an external heat source or an internal frictional heat
[17-21]. On the one hand, migration could contribute to the wetting of
liquid lubricants on rubbing surfaces. On the other hand, however, an
unexpected migration might disrupt the flow, starve the contact area,
either partially or fully, and cause lubrication failure [22-25]. This is a
major concern particularly in spacecraft mechanisms exposed to
considerable temperature swings (—150 to 150 °C) that challenge the
adoption of liquid lubricants. In general, large thermal gradients in
many vital mechanical components such as rolling and sliding bearings
require a timely supply of lubricant to the ball tracks on the races to
counterbalance the migration-induced lubricant loss that negatively
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affects tribological performance and the machines’ service life.

Hence, it is important not to inadvertently control the lubricant’s
migration for advancing the design philosophy of modern mechanical
components. Researchers are continuously trying to manipulate the
migration of liquid lubricants to maintain reliability and steadily
lubrication conditions. To achieve this goal, the physical mechanisms of
thermocapillary migration must be well understood so that one could
come up with appropriate design manipulation strategies. A review of
the volumes of published papers in the open literature, as summarized in
Fig. 2, indicates that abundant theoretical and experimental works have
been carried out in this research field over the past decades, with
manipulation strategy being the highest area of concentration.

This paper presents a comparative review of the fundamentals of
thermocapillary migration, evaluation methodologies, and manipula-
tion strategies in design. Of particular interest is the implementation of
anti-migration strategies for modern tribo-systems exposed to thermal
gradients and establish general guidelines for the design of miniature
rolling bearings, microfluidics, and condensation and heat-transfer
devices.

2. Fundamentals
2.1. Migration phenomenon

Fote et al. [26] and Kannel et al. [27] earlier reported that a liquid
lubricant tends to creep away from the ball-race interfaces of bearings in
the presence of a unidirectional thermal gradient, while it would not
creep against the thermal gradient. Researchers have further confirmed
that liquid lubricants could also migrate easily on a solid surface in a
vacuum environment, and the atmospheric pressure has limited in-
fluences on the thermocapillary migration of liquid lubricants, as shown
in Fig. 3 [27,28]. This finding is of great importance since constructing a
vacuum environment is very time-consuming for multiple experimental
explorations.

Furthermore, complexities associated with various types of thermal
gradients may exist that requires careful examination of their migration
behavior. As an example, when a solid surface is exposed to an omni-
directional thermal gradient, liquid lubricants would migrate to the
surrounding simultaneously, forming a ring-like migration configura-
tion. Fig. 4a and Fig. 4b exhibit the migration phenomena of droplets
under the unidirectional and omnidirectional thermal gradients,
respectively [13,29].

2.2. Basic mechanism

Naturally, a liquid droplet placed on a solid surface can be regarded
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as a system in which the gas, the liquid and the solid phases coexist. The
relationship between three interfacial tensions and contact angle (6)
satisfies Young’s equation [30]:

Vs =7s, Ty cos@ (€9)]

where y (or y16), rst and ysg represent the liquid/gas, solid/liquid and
solid/gas interfacial tensions, respectively. Typically, the surface ten-
sion of liquid decreases with increasing temperature; this variation
tendency can be written as:

y(T)=vo — rr(T = To) (2

where y(T) and yo represent the interface tension at the temperature T
and reference temperature Ty, respectively, and yr represents the
interface tension-temperature coefficient.

At the macro level. As shown in Fig. 5a, for a droplet placed on a non-
isothermal solid surface, a tangential force would be generated as a
consequence of variations in the surface tension y along the free surface
of the droplet; that is, yp; < yr;, where the subscript g and r represent the
front and back edges, and i = 1, 2, 3,---n, then Marangoni flow occurs,
yielding locomotion from the warm to the cold region. Note that even if
the surface is ideally smooth, as the migration progresses, the advancing
contact angle exceeds the receding one, causing an asymmetric profile
(Fig. 5b). This curvature difference generates a pressure difference
across the droplet, producing a capillary flow that opposes the Mar-
angoni flow. Thus, the surface tension gradient has to overcome the
capillary effect to initiate the locomotion [31].

At the molecular level. The well-known thermophoresis, or Soret
effect — the phenomenon associated with the drifting of molecules
along thermal gradients — would also contribute to the migration. As a
liquid droplet is exposed to a thermal gradient, the molecules tend to
move to the cold side, enhancing the migration [32-34].

2.3. Different solids and lubricants

Investigations reported by Khonsari and Fusaro [35,36], Jones et al.
[37], Zaretsky [38], and Wang et al. [39] revealed that increasing the
viscosity or surface tension of liquids or decreasing the thermal gradient
can weaken the migration behavior to some extent. Dai et al. [40] car-
ried out a systematic study to gain insight into the migration capacity of
different lubricants on different surfaces. They tested non-polar lubri-
cants made of synthetic polyalphaolefin (PAO), diester and paraffin oil,
polar lubricants of synthetic polyethyleneglycol (PEG) and ionic liquids
(IL); metallic solids of gold (Au) and titanium (Ti), non-metallic solids of
silicon (Si), high-molecular polymer of polytetrafluoroethylene (PTFE),
and their migration performances under a unidirectional thermal

Lowest alcohol
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yis high gravity
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Time

Fig. 1. (a) Tears of wine form on a wine glass. (b) @ Wine containing alcohol continuously evaporates from the surface at a rate higher than water, and the alcohol
concentration decreases faster in the meniscus due to its higher surface area in relation to its small volume. @ This causes a surface tension (y) gradient that moves the
meniscus up the walls of the glass. As the meniscus begins to form a film on the surface of the glass’ walls, it gets even more depleted of alcohol, which in turn causes
a larger surface tension gradient. ® More wine gets pulled up the walls of the glass until droplets form, then gravity takes effect and tears of wine run down the sides

of the glass and back into the bulk of the wine [4].
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Fig. 2. Related investigations on the thermocapillary migration of liquids.
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Fig. 3. Migration phenomenon of a KG-80 droplet on a steel plate under a unidirectional thermal gradient of ~1.3 °C/mm in a 10 mPa vacuum chamber [27].
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Fig. 4. Migration phenomena of droplets on a steel plate under the (b) unidirectional [13] and (c) omnidirectional [29] thermal gradient of ~3 °C/mm in a normal

environment.
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Fig. 5. (a) Thermocapillary migration mechanism. (b) Flow patterns inside the droplet and on the liquid/solid interface due to the surface tension gradient and

capillary pressure [31].

gradient of 2.2 °C/mm are shown in Fig. 6. It is confirmed that
non-metallic solids with low surface tension such as PTFE, polar lubri-
cants such as PEG or ILs, all have a strong anti-migration capacity [41].
These results provide basic knowledge for the design of tribological
components with thermal gradients.

2.4. Solids impregnated with lubricants layers

Thermocapillary migration of droplets on solids impregnated with
lubricant layers is different from that on dry ones [42-44]. Quere et al.
[45] found that migration can be markedly enhanced when using
lubricant-impregnated surfaces as compared to those with solid sub-
strates. Results shown in Fig. 7a and Fig. 7b show that migration can
increase at least 5-fold quicker under a thermal gradient of 2 °C/mm.
Kumar et al. [46] pointed out that a water droplet placed on a thin
lubricant layer of fluorocarbon could transform from lens-shaped to
spherical shape as the dosage increases from 4 to 17 pL. More interest-
ingly, the examination of the thermocapillary migration of droplets on
free surfaces with immiscible liquids revealed that the lens-shaped drops
move from warm toward cool regions while spherical drops move in the
opposite direction, as shown in Fig. 7c and d. This dual behavior can be
understood via analyzing the surface deformation and velocity profiles
of thin lubricant layers subject to a lateral thermal gradient. Lubricant
layers allow thermocapillary transport of drops with higher migration
speeds than solid substrates and lower internal temperature fluctuation.

Physically, when solid surfaces are impregnated with lubricants, the
pinning effect [47] at the vicinity of the three-phase contact line could
be weakened significantly, accommodating the locomotion of droplets

to occur easily. The front edge of a droplet wets while the back edge
de-wets the solid surface as the migration progresses due to the contact
angle hysteresis effect. Impregnating the solid surfaces with liquid lu-
bricants can minimize the contact angle hysteresis effect, contributing to
the migration.

2.5. Internal flow visualization

Visualization of the internal micro-flows has recently found growing
interest. The most popular instrument adopted for this purpose is the
micro-particle image velocimetry (p-PIV) system [48-51]. Fig. 8a shows
the in-situ observation on the thermocapillary convection in sessile
droplets by Zhao et al. [52]. Two vortices due to Marangoni convection
can be seen inside the droplet. Via the confocal p-PIV technique, Prad-
han et al. [53] presented a clear view inside the thermocapillary con-
vection of a stationary sessile water droplet on a horizontal surface with
an imposed thermal gradient, and liquid flows from hot side to cold side
along the apex of droplet while inside flows from the cold side to the hot
side, forming thermocapillary convection (Fig. 8b). Yoda et al. [54]
demonstrated how thermal convection could occur inside a liquid film
subjected to a thermal gradient. Similarly, two internal vortices are
generated at the cooled and heated sides (Fig. 8c). Although PIV tech-
nique could provide clear insights into the inner flow vortex, for liquids
with complex morphologies, the flow fields remain uncovered and
difficult to observe [55].

There are many types of thermocapillary flows — e.g., binary
droplets [56], droplets in another immiscible liquid [57,58], liquid films
[59-62], liquid marbles [63,64], and bubbles [65] — with varying
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Fig. 6. Migration phenomena and velocities: (a) different lubricants of synthetic polyalphaolefin (PAO), diester, paraffin oil, synthetic polyethyleneglycol (PEG), and
ionic liquids (IL) on the Au surface and (b) diester droplets on different surfaces of gold (Au), titanium (Ti), silicon (Si), and polytetrafluoroethylene (PTFE) [40]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Chronophotograph of 10 pL water drops exposed to a thermal gradient of 1.8 °C/mm on a (a) smooth hydrophobic surface and (b) smooth hydrophobic
surface impregnated with silicone oil (7.5 mPa s) [45]. (c) A spherical droplet (17 pL, 3.2 mm diameter) and (d) lens-shape droplet (4 pL, 2 mm diameter) resting on a
thin lubricant layer of fluorocarbon (FC-43), and the corresponding characteristics of thermocapillary migration of (c) spherical mode toward the source of heat
(~0.9 °C/mm) and (d) lens-shaped mode away from the heat source (~0.55 °C/mm) [46].
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Fig. 8. (a) PIV images of the bulk liquid in the droplet of two vortices due to Marangoni convection [52]. (b) Top view on the velocity vector field inside a droplet at
Z = 50 pym from the substrate surface. (c) Side view on the velocity vector field inside a liquid film at the cooled and heated sides [54].
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Table 1
Research progresses of analytical models for evaluating the thermocapillary migration performances.
Thermal gradients Solids Configuration Additional conditions References
Unidirectional Horizontal Thin film Most and complete wetting Brochard [83]
Complete wetting Wasan et al. [31]
Contact angle hysteresis effect Troiana et al. [84], Dai et al. [85]
Viscosity-temperature effect Wang et al. [13]
Structured solid surfaces Karapetsas et al. [86]
Structured solid surfaces, viscosity-temperature effect Dai et al. [87], Bai et al. [88]
Buoyancy effect, density-temperature effect Hu et al. [89]
Spherical cap Contact angle hysteresis effect Brochard et al. [90]
Dynamic contact line Smith et al. [91], Davis et al. [92-95]
Oscillatory solid surfaces, contact angle hysteresis effect Chaudhury et al. [96,97]
Solid surfaces with liquid layers Quere et al. [45]
Molecular and gravitational forces Intyre et al. [98]
Spherical cap and lens Solid surfaces with liquid layers Kumar et al. [46]
Arbitrary shape Dynamic contact line Ford et al. [99]
Sphere Reduced gravity Subramanian et al. [100-102]
Inclined Spherical cap Solid surfaces with liquid layers Mamalis et al. [103]
Dynamics contact line Karapetsas et al. [104]
Thin film Varying inclination angle Khonsari et al. [105]
Omnidirectional Horizontal Thin film Viscosity-temperature effect Wang et al. [29]
Unidirectional Horizontal Spherical Varying geometric dimensions Subramanian et al. [106]

Note: In the column of additional conditions: default constant viscosity, thermal gradient, and contact angle are used unless specified.

degrees of complexity. However, the fundamental mechanisms of these
thermal flows are the same: they are all manifestation of surface tension
gradient induced by thermal unbalance. These experimental in-
vestigations provide clear insights into the thermocapillary migration
and deeply advance the understanding of the interfacial phenomenon.

3. Evaluations
3.1. Analytical models

Rich volumes of analytical research papers on thermocapillary
migration have appeared over the past decades [66-82]. Table 1 pro-
vides a succinct summary of the relevant papers with appropriate dis-
cussions that follow in the next section.

3.1.1. Geometrical morphology

Originally, Greenspan [107] established a theoretical model for the
movement of a small viscous droplet on a smooth solid surface in which
the dynamic contact angle was employed to describe the
thermally-induced driving force on droplets. The study revealed that
when the thickness of liquid droplets is small enough, the migration can
be regarded as a quasi-steady process, and the so-called thin-film
lubrication approximate theory holds. This theory can be applied to
establish the force balance acting on the liquid film and simplify the
fluid mechanical analysis process.

Inspired by this approach, Brochard et al. [83,90] considered three
specified wetting conditions of partial wetting (spherical cap, Fig. 9a),
most wetting (a thick pancake, Fig. 9a®@), and complete wetting (a very
thin pancake, Fig. 9a®). As a migration progresses, the thermal gradient
induced interfacial tension force becomes the dominated driving force
(F7) acting on the liquid, which is balanced by the fluid viscous resis-
tance force (Fy). By assuming a constant thermal gradient (Cr = STT( =
Const) on the solid surface, ignoring the capillary pressure, Brochard
et al. arrived at the following a theoretical expression for the migration
velocity (U):

U= CO% (3% (rsg —rsu) + 0% (rs¢ —vs.)Cr + %YTCT €)
where hy is the height of the liquid film and y is the liquid dynamic
viscosity. The value of the pre-factor ¢y depends on these specific 2-D
geometries distinguished by these different wetting conditions. In fact,
when the surface is completely wetted by liquid film; that is, the contact

angle of 0°, combining Eq. (1), a simplified theoretical expression of the
migration velocity (U) can be written as [2,31,108]:

U~ %}’I‘CT 4

This equation provides a quick, at-a-glance view of the influence
factors on the migration capacity. It suggests that increasing the liquid
viscosity, decreasing the thermal gradient, interface tension coefficient,
or the droplet height, could all weaken the migration behavior.

Ford et al. [99] further established a model for a droplet with an
arbitrary height profile on a surface imposed with a uniform tempera-
ture gradient, as shown in Fig. 9b. By taking the slip boundary condition
into consideration; that is, allowing for a slip in the vicinity of the
contact lines, they arrived at the following expression for the migration
velocity of a 2D droplet:

U:@ y7Cr  ypcos b —y, cos by

_fr=l B mr vl AT A 5
2u 6uJ 6uJL ®

whereJ =2 [ IjL m dx, and the 03 and 64 denote the contact angles at

left and right (Fig. 9b), respectively. The migration velocity can be
calculated by determining the value of the integral J with the given
height profile and the slip length b.

3.1.2. Contact angle hysteresis effect

The above-mentioned investigations on the migration of droplets
with different geometrical shapes are primarily concerned with the in-
fluence of the morphology of the problem. Since practically most
“smooth-looking™ solids are actually rough at the micro or nanometer
scale, as the migration progresses, the front edge of a droplet wets while
the back edge de-wets the solid surface. The wetting and de-wetting
processes could involve the contact angle hysteresis effect [109,110],
which yields a variation in the contact angles and affects the migration
performance. Chen [84] established a model describing the steady
thermocapillary migration of a two-dimensional droplet of a spherical
cap taking the contact angle hysteresis effect into account and developed
the following expression for the theoretical velocity:

1 " Cryrh(x)
U*@{[Lmdx—(wosﬂx—n cos 6,) ®)

where J is the same as that in Eq. (5), the 0g and 84 denote the advancing
and receding contact angles, respectively.
Contact angle hysteresis effect could also introduce a lateral reten-
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Fig. 9. Droplets with different sections of (a) spherical cap, (a®) thick pancake, and (a®) a thin pancake in the two-dimensional (2-D) case [83]. (b) Side view of an
infinite 2-D droplet attached to a solid surface with a constant thermal gradient [99].

tion force [111-113], disequilibrating the force balance in the vicinity of
the triple-phase contact line on both sides of the droplet. When
encountered with a thermal gradient, the thermal gradient induced
driving force must overcome the lateral retention force before the
droplet can move. Taking this into consideration, Dai et al. [85] revised
the theoretical expression for liquid droplets with a thick pancake
(Fig. 10) and derived an expression for migration velocity of the
following form:

(142 cos 8)CryrL — 2y, (cos O — cos 6,) n

U=
6uL

7
Dai et al. experimentally verified the validity of Eq. (7) with surfaces
possessing different magnitudes of the contact angle hysteresis effect.

3.1.3. Viscosity-temperature effect

Among most of the reported theoretical contributions, the liquid
viscosity is regarded as a constants value in the derivation process. In
reality, not only will thermal gradients change the interfacial tension of
a liquid can cause migration, but also affect the viscosity of the liquid. In
general, the viscosity of a liquid drops exponentially with the increase in
temperature as described by Eq. (8),

where o and u(T) represent the viscosity at reference temperatures Ty
and T respectively, b represents the viscosity-temperature coefficient.

For the migrated droplets in a thin-film shape, the time taken for the
temperature to stabilize is shorter than that required for the droplet to
move an appreciable distance from the previous location. This implies
that the temperature of the droplets will be in equilibrium with that of
the substrate surface; that is, T = Ty — Crx Where Tseqre represents the
temperature of the starting position and x denotes the central position of
the migrated droplet. Dai et al. [13] took this viscosity-temperature
relationship into the theoretical derivation for droplets in a thin-film
shape and proposed an effective approach for estimating the thermo-
capillary migration velocity:

1 (14 2cos O)y;CrL

U=
g(xa, xr) 64y

h ©)

whereg(xme) — % [eb(CrXA*TsanrTo) _ eb(CTXR*Tsz.erTu)}'
T
Dai et al. reported that substituting the measured height (h) of the
liquid film during the migration process into the Eq. (9) could yield a
more accurate result, making the theoretical prediction more realistic
when compared with experimental measurements.

W(T) = pge™" T (8)
A2 J
1
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Fig. 10. Droplet migration model on an ideal surface with the advancing and receding contact angles shown at the rims [85].
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3.1.4. Gravity effect

The profile of liquid droplets resting on a horizontal surface depends
on the contact angle at the triple-phase interface. When the surface is
tilted, the contact angle and the shape of droplets change due to the
gravity, especially for the partial wetting droplets [114-116]. By taking
the gravity effect into consideration, the migration on an incline can be
obtained as [105]:

1 (142 cos 0)y,;CrL £ 2Mg sin ¢h

U=
g(xa, xr) 64g

(10)

where ¢ is the inclination angle. The operator of plus or minus depends
on the inclination direction. Positive inclination means that the droplet
would migrate from top to bottom, which would contribute to the
migration. The predictions of the migration velocity on surfaces with
various inclination angles are shown in Fig. 11.

3.1.5. Types of thermal gradient

For the unidirectional thermal gradient, it is understandable that
droplets tend to migrate from the high temperature (left) to low tem-
perature (right) regions. However, when the thermal gradient is omni-
directional, the droplets tend to migrate radially outward from the
center to the surrounding region, forming a ring-like motion, as shown
in Fig. 4b [29]. This is a totally different interfacial phenomenon, in
which the thermal gradient induced unbalanced interfacial tension can
be bifurcated into the radial and peripheral directions. The radial one
provides the necessary propulsion for the migration to the surroundings
while the peripheral one acts on the adjoining liquid and contributes to
the ring-like shape. Dai et al. proposed an experimentally-verified model
for estimating the velocity of the ring-like migration as follows:

yrCrh Ry — Rp
U= 4 cos 0 +1 11

124, { Ra + Rk (1)

b |:CT (w> *Tsmn+To:|
where p; = pge .
z _Ther )
’/ Yo~ eradien,
- ¢ p
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While analytical expressions readily provide a clear relationship
between the different parameters involved and enable one to gain
physical insight into the problem, treatment of complex geometrical
configurations and multiplicity of intertwined factors involve often
require one to resort to numerical solutions, particularly when predic-
tion accuracy is of primary concern. Progress toward available numer-
ical treatment approaches is reviewed in Section 3.2.

3.2. Numerical simulation

3.2.1. Numerical approaches

Computational fluid dynamics (CFD) is an indispensable tool for
investigating the flow characteristics. In the field of thermocapillary
migration, CFD has been successfully employed to understand, explain,
and reveal its complex flow mechanisms [89,117-126]. Many numerical
approaches, including level set, the volume of fluid, moving mesh, front
tracking, Lattice Boltzmann, and molecular dynamics, have been suc-
cessfully employed to simulate the migration on free solid surfaces.
Table 2 shows a summary and comparison of the reported numerical
approaches for simulating the thermocapillary migration and provides
remarks on the advantages and limitations of each numerical approach.

3.2.2. Guidelines for numerical simulation
Referring to Table 2, the following general recommendations are
made (see Fig. 12).

Controllable conditions and properties [127-132,147-150]. For numeri-
cal approaches, the property of liquids and solids, including the contact
angle, viscosity, surface tension of liquids, materials, surface
morphology, wetting property (slip condition) of solids, can be assigned
in a wide range. Besides, extreme conditions of a thermal gradient,
pressure, and gravity-free can be treated by numerical simulations of the
governing equations with variable properties. Numerical approaches
provide controllable conditions and properties that cannot be easily
achievable in experimental methods. See, for example, the migration
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Fig. 11. Thermocapillary migration of mineral oil droplets on inclined surfaces [105].
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Table 2
Summary and comparison of the reported numerical approaches for simulating the thermocapillary migration.
Approaches Applications Limitations References
Level set >Suitable for small scale-free <*Need to reinitialize the function. Borhana etal. [127]; Raessi et al. [128]; Yietal. [129]; Chenetal. [130,

Volume of fluid (VOF)

Moving mesh

Front tracking
Lattice Boltzmann
method (LBM)

Molecular dynamics
(MD)

liquid surface.

>Fluid is sensitive to its surface
tension.

>Fluid properties pass smoothly
from liquid to gas.

>High accuracy.
>Well-developed for immiscible
fluids.

>Easy to couple with CFD solver.

>High efficiency.

>Low space.

>Simply and straightforward.
>Defined girding points.
>Surface forces are applied as
boundary condition.

>Similar to VOF.
>Volume-less particles.
>Scale between Navier-stokes
(N-S) and MD.
>Well-developed in biophysics.
>Molecular scale.

<*Slow simulating speed.
<-Computationally expensive for
complex or 3-D models.

<-Limited accuracy for fluid dynamics.

<Ignore gas effect for accelerating
simulation.

<-Unable to handle the topological
version in free fluids.

<-Fails on complicated interface.
<-Under development.

<*To be validated.

<-Computationally expensive.

<*Unable to verify via experiments.

<*To be validated in migration.

131]; Ding et al. [132].

Chieng et al. [133]; Alhendal et al. [134,135]; Mostaghimi et al. [136];
Chakraborty et al. [137]; Bothe et al. [138,139].

Yin et al. [140]; Liu et al. [141]; Chen et al. [142]; Lu et al. [143].

Nas et al. [144]; Yin et al. [145]; Wu et al. [146].
Liu et al. [147-150].

Li et al. [151]; Maroo et al. [152]; Chakraborty et al. [153]; Foroutan
et al. [154]; Wang et al. [155].

results are shown in Fig. 13a (contact angle of 70°), Fig. 13b (contact
angle of 120°) and Fig. 13c (contact angle of 90°) are calculated via
numerical approaches of level set, Lattice Boltzmann method, and vol-
ume of fluid.

Detailed migration-related physical fields [132-143]. The evolution of
temperature distribution on the solid surface, the exchange of heat
among the solid-liquid-gas phases as well as the fluid-thermal-solid in-
teractions can be easily simulated numerically. The thermal gradient
induced forces acting on the liquid can be identified and interpreted, and
the corresponding migration processes, especially the inner flow fields,
can be illustrated. Moreover, with appropriate governing and boundary
equations, the dynamic receding/advancing contact angles across the
liquids can be predicted. These migration-related physical fields provide
enough information for understanding and explaining the mechanism,
which are very good additions to experiments.

3D visualization [139]. The 3D model is one of the optimal choices to
model the real physical processes, especially when varying conditions
need to be taken into consideration. Physically, extending 2D to 3D is
not too difficult, and evaluating of a 3D model could achieve more ac-
curate predictions and information on the migration at the expense of a
large amount of computational time and additional complications in the
derivations and treatment. The 3D simulation by Bothe et al. [139]
(Fig. 13c) has proven its advantage. Nevertheless, the current difficulties
are how to control the convergence and resolution under an acceptable
computation time. It is expectable that with the advances of computer
technology and numerical methodologies, 3D visualization can be
realized in the future.

Insights at molecular level [151-154]. Molecular dynamics (MD) simu-
lations are widely used to explore the microscopic interactions at the
molecular level. As the work by Foroutan et al. [154] in Fig. 13d
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Fig. 13. 2-D temperature field (the left plane) and flow field (the right plane) of the moving droplets on (a) a hydrophilic surface with a contact angle of 70° [142]
and (b) a hydrophobic surface with a contact angle of 120° [147]. (¢) 3-D temperature and flow fields of the moving droplet under a thermal gradient of 10 °C/mm
and contact angle of 90° [139]. (d) Graphical representation of the droplet contact angle and mass-density contour plot of the nano-droplet at t = 0.7 ns and 393

K [154].

indicates, MD simulation provides the translational and vertical motions
of liquid molecules subjected to a thermal gradient. They considered the
contact angle hysteresis effect, and the numerical trend is consistent to
experimental ones. In comparison to other methods, the unique feature
of MD simulation is the insights into the molecular level, which could
provide some feasible anti-migration design strategies for new lubri-
cants or lubricant additives.

Note that the above-mentioned recommendations or guidelines can
be adapted for different purposes and applications. Thermocapillary
migration is a highly complex process, which involves the coupling of
thermal equilibrium, kinetics, heat and mass transfer, and computa-
tional fluid dynamics. This complexity has currently prevented the
proposed theoretical/computational models in the literature from
achieving the required accuracy for optimizing the migration process.
Based on the numerical purpose and application, accurate results can be
achieved by careful selections of the type of numerical solution scheme,
mesh, convergence criteria, methods for specifying boundary condi-
tions, etc.

4. Manipulation strategies

Understanding the mechanism of thermocapillary migration is the
most important precondition, which is quite instructive for the design of
manipulation strategies. In the following sections, we summarize the
available strategies over the past decades.

10

4.1. Liquid aspect

As mentioned in Section 2.3, a liquid with a higher viscosity has a
lower migration velocity due to the significant viscous resistance force.
It is well-known that additives are essential parts of the modern lubri-
cants for accomplishing a variety of functions such as control friction
and reduce wear [156-158]. The usage of appropriate additives is an
effective approach to regulate the movement [159-165].

Yang et al. [166] found that the thermocapillary migration of
droplets is significantly depressed by the introduced water-soluble sur-
factants. In fact, they showed that Sodium dodecyl sulfate and Triton
X-100 could completely inhibit the thermocapillary effect. Chakraborty
et al. [167] theoretically investigated the motion of a surfactant-laden
viscous droplet in the presence of non-isothermal Poiseuille flow and
found that the surfactant induced Marangoni stress affects the droplet
velocity, which depends on the direction of the temperature gradient
with respect to the imposed Poiseuille flow. Wang et al. [168] experi-
mentally studied the effect of typical lubricant additives of anti-wear
(Zinc dialkyldithiophosphates, ZDDP), ashless dispersant (polymer
succinimide), anti-foam (polydimethylsiloxane), and oiliness (oleic
acid) on the thermocapillary migration and surface tension coefficient,
as shown in Fig. 14. Their results revealed that using additives to
enhance the adsorption of liquids on solid surfaces (oleic acid) [169] or
by decreasing the surface tension coefficient of liquids (poly-
dimethylsiloxane) can slow down the migration effectively. For addi-
tives that can increase the surface tension coefficient of liquids, reducing
their contents in liquids is suggested to weaken the migration.
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4.2. Solid aspect

As mentioned in Section 2.3, the thermocapillary migration phe-
nomena of liquids on different solid surfaces are different. Generally, a
smooth surface of higher surface free energy can strongly grasp a liquid,
exhibiting a more significant anti-migration capacity. Given that engi-
neering surfaces are rough and contain micro flaws and defects, these
surface features can pin the contact line of a droplet on surfaces. Re-
searchers are inspired to manipulate the migration via surface struc-
tures. Many different types of surface treatments including roughening
the solid surfaces, fabricating isotropic, anisotropic, or hierarchical
structures patterns, overlaying wettability coatings have proven to be
feasible manners to regulate the migration. For the guidance of the
design of tribological components encountered with thermal gradients,
these strategies are classified and discussed as follows.

4.2.1. Surfaces roughness

In 1979, Fote et al. [170] found that roughening solid surfaces with
sharp edges (~2 mm) or fabricating scratch around edges were effective
in preventing lubricants migration (Fig. 15a). Although these macro-
scopically rough structures are not always practical for implementation
on rubbing surfaces, it cast an early vision on preventing the migration
through surface structures. Klien et al. [171] investigated that the
migration behavior on a ground surface with scratches in the direction
of the thermal gradient and found that surface scratches can converge
the lubricant as the migration progresses (Fig. 15b). Wang et al. [39]
confirmed that a surface with grinding scars angular to the thermal
gradient could obstruct the migration to some extent (Fig. 15¢). Bai et al.
[172] found that on rough surfaces, a directional lubricant migration
would occur when the temperature gradient was large enough; other-
wise, lubricants tended to move in both directions (Fig. 15d). Dai et al.
[173] further proved that decreasing the surface roughness (Sa) or the
surface developed interfacial area ratio (Sdr) can enhance the obstruc-
tion effect (Fig. 15e).

4.2.2. Regular patterned microstructures

Given that surface roughness is “random” in nature, its effect on the
thermocapillary migration cannot be controlled accurately. Hence,
regular patterned microstructures can be designed on the surfaces to
achieve controllable effects on the thermal flow. Zhou et al. [174]
fabricated a regular pattern of oleophobic microdimples on titanium
surfaces, which can firmly confirm lubricants at the designed area
(Fig. 16a). Dai et al. [175] found that even without oleophobicity
property, the pattern of microdimples can impede thermal capillary
migration under omnidirectional thermal gradients effectively
(Fig. 16b). Except for microdimples, microgroove is another
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representative structure. Wang et al. [176] revealed that aligned mi-
crogrooves could restrict the lubricant migration easily in the direction
perpendicular to the thermal gradient while guiding the migration in the
parallel direction (Fig. 16¢). This acceleration effect of microgrooves in
the parallel direction was also confirmed by other researchers [88,
177-179]. Grutzmacher et al. [180,181] found that multi-scale micro-
grooves patterns can yield a faster migration rate than the single-scale
ones (Fig. 16d).

The acceleration and deceleration properties of the above-mentioned
regular patterned microstructures are very attractive. Gradients are
omnipresent in nature, and researchers have successfully fabricated
geometry, density, and arrangement of microgrooves pattern with
gradient configurations to achieve better regulation performances.

4.2.3. Topographical gradient microstructures

Geometry and density are two typical gradient configurations in
designing microgrooves pattern. Kooij et al. [182] prepared
stripe-patterned gradient surfaces by changing the width of micro-
grooves on which liquid droplets can move spontaneously (Fig. 17a).
Similarly, fabricating gradient surfaces with increasing density of mi-
crogrooves pattern (Yang et al. [183], Fig. 17b) or decreasing density
(Lai et al. [184], Fig. 17¢) can all activate locomotion of liquid droplets.
Except for the density of microstructures, the gradient of the geometric
dimension of the microstructure itself is also feasible for the controllable
ability. Hao et al. [185] designed a scale-gradient micropillars pattern
on hydrophobic surfaces to drive the movement of liquid droplets
(Fig. 17d), and the density gradient also works for micropillars [186].
Combining density and scale gradient together, Sommers et al. [187]
designed a topography-based gradient microgroove patterned surface,
which can control the movement of liquid droplets in the direction
perpendicular to the grooves (Fig. 17e).

4.2.4. Radial gradient microgrooves

Expect the above aligned configuration, microgrooves pattern can be
designed with a radially gradient. As shown in Fig. 18a, Franssila et al.
[188] prepared a radial groove pattern with continuous topography
gradient, which induces a continuous inward wettability gradient and
enables self-propelling. Similarity, Davis et al. [189] fabricated a hy-
drophobic micropatterned surface with grooves size increases outward
gradually; this surface can continuously transport liquid droplets along
these structures (Fig. 18b). Bliznyuk et al. [190] also designed a radial
groove pattern with decreasing width hydrophobic property on a hy-
drophilic substrate, which can guide the liquid motion spontaneously
(Fig. 18c). Dai et al. [87] studied the thermocapillary migration on
radially microgrooved surfaces and confirmed that migration could be
enhanced on the convergent direction, and increasing the initial
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Fig. 14. (a) Influences of typical lubricant additives of ZDDP, T161, polydimethylsiloxane, and oleic acid on the migration behavior and surface tension coefficients
in the base oil of diester. Mechanism of (b) anti-wear film formation of ZDDP on the metal surface, (b®) interactions among dispersant/particles/diester, (b®)
interactions between polydimethylsiloxane and diester, (b®) interactions among oleic acid/diester/metal surface [168].
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Fig. 15. (a) Anti-migration structures on surfaces with sharp edges and scratch around the edge [170]. (b) Migration on a ground surface with scratches in the
direction of the thermal gradient [171]. (c) Migration on a surface with grinding scars of 60° angular to the thermal gradient [39]. (d) Migration in both directions on
a rough surface under a thermal gradient of 0.45 °C/mm, while in a unique direction under a thermal gradient of 3.23 °C/mm [172]. (e) Effects of surface roughness
on the migration behavior [173].
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Fig. 16. (a) Anti-migration surface featured with superoleophobic microdimples pattern [174]. (b) Obstruction effect of a single dimple when a lubricant migrates to
it [175]. Migration phenomena on surfaces with (c) microgrooves patterns parallel and perpendicular to the thermal gradient [176], and (d) multi-scale and
single-scale microgrooves patterns [180].
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Fig. 17. (a) A width-gradient pattern configuration and spontaneous movement of a liquid droplet on the designed surface [182]. Profiles of density gradient
patterned surfaces and droplets transporting process: (b) increasing density [183] and (c) decreasing density [184]. (d) Scale-gradient micropillars pattern to drive
the locomotion of liquid droplets [185]. (e) Sketch of the topography-based gradient microgroove patterned surface and self-driving movement of a liquid droplet on
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Fig. 18. (a) Radial groove pattern of continuous topography gradient and the self-propelling movement of droplets on it [188]. (b) Micropatterns with groove size
increases outward, on which the wettability increases correspondingly [189]. (c) Radial groove pattern with a decreasing width of hydrophobic property on a
hydrophilic substrate [190]. (d) Thermocapillary migration on radially microgrooved surfaces in convergent and divergent directions [87].

divergence would weaken its contribution (Fig. 18d).

4.2.5. Wedged microgrooves

The microstructure itself can have a gradient feature, and the

wedged groove is a very typical one [191-193]. Nakashima et al. [194]
prepared a hydrophilic film with wedged microgrooves on a hydro-
phobic substrate to drive the movement of liquid droplets (Fig. 19a).
This type of wedged pattern is also feasible at the millimeter scale, Eid
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et al. [195] fabricated a wedge-shaped hydrophilic aluminum on a hy-
drophobic copper surface for propelling liquid droplets (Fig. 19b). When
a surface is fabricated with a connected pattern of wedged micro-
grooves, it can drive mobile Leidenfrost droplets [196] (Fig. 19c¢). Dai
et al. [197] reported that the driving capacity of wedged microgrooves
strongly depends on the shape of the connecting corner and that smooth
corners have a better acceleration effect than the sharp ones (Fig. 19d).
When the wedge-shaped microgrooves are unconnected and concave at
the bottom, it can also guide the liquid movement effective [25]
(Fig. 19e). Moreover, properly designing the geometric parameters of
wedged grooves including the angle of divergence (Fig. 19f) [198],
multi-shape (Fig. 19g) [199], multi-scale (Fig. 19h) [200], or
tree-shaped hierarchical pattern (Fig. 19i) [201], can either strengthen
or weaken the liquid motion, which depends on the aforementioned
topographical characteristics.

Overall, by taking advantage of topographical complexities, re-
searchers have made significant progress in direct and spontaneous
transport of liquids on solids, and the above-mentioned strategies are
just parts from the published literature. Attributing to the rapid devel-
opment of precision machining technologies, a huge number of milli-,
meso-, micro-, and nano-scaled structures of topographical complexities
[202-214], have been designed and fabricated to manipulate liquid
motion, we are not going to discuss them in details due to the limited
space.

4.3. Chemical gradient coatings

It should be mentioned that fabricating physical structures on solid
surfaces could inevitably damage the surfaces, which brings in some
undesired defects in actual applications. To this end, chemical coatings
have certain advantages. Roberts et al. [215] found that painting low
surface energy materials, such as fluorocarbon compounds around
rubbing areas, can create a barrier to confine lubricant migration in the
space components. As the forces balance at the vicinity of the
three-phase contact line shown in Fig. 5, a low surface energy coating
diminishes the solid/gas interfacial tension (ysg), and this decrease can
impede the spreading capacity of a liquid on a solid. According to Eq.
(2), if the low surface energy coatings are not uniformly distributed on
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solids, the solid/gas interfacial tension differences can yield various
external force acting on liquids. The pioneering work of Chaudhury et al.
[216] proved that a surface with a spatial gradient in its surface free
energy was capable of causing drops of water placed on it to move up-
hill, and he successfully fabricated gradient surfaces by allowing the
vapor of decyltrichlorosilane to diffuse over a silicon wafer.

Inspired by this finding, researchers have made great progress in
designing and fabricating gradient surfaces. Surface-chemical gradients
are surfaces with chemical properties that gradually change within a
given distance [217,218]. The chemical gradients can be created ac-
cording to two basic principles: either the outermost surface layer of a
substrate is gradually modified, or a surface coating is attached to the
surface in a gradual manner. Technically, the gradient surfaces are
commonly fabricated via two main systems: self-assembled monolayers
(SAMs) and polymer coatings [219-221]. Here, these two system-based
fabrication techniques are summarized for guiding the regulation stra-
tegies on thermocapillary migration.

SAM-based technique

Dip-coating is one of the most simple and reproducible approaches to
fabricate surface-chemical gradients [222]. By means of a gradual im-
mersion, adsorption of molecules from dilute solutions (Fig. 20a [223]),
or equivalently, desorption of molecules into dilute solutions (Fig. 20b
[224]), can be accurately controlled to fabricate gradient coatings. Be-
sides, cyclic draining-replenishing the solutions (Fig. 20c [225]),
draining or injecting the solutions gradually [226,227], can also achieve
the gradient coatings. The key point in fabricating gradient surfaces is to
control the chemical reaction time or the duration time between
chemical medium and solids. Fig. 20d presents images of water droplets
on a solid surface achieved via the SAM-based technique [228], of which
the wettability decreases gradually in the horizontal direction. Note that
via choosing appropriate parameter combinations of solvent, the con-
centration of the solution, immersion time, velocity, acceleration and
temperature, one can even construct a coverage gradient of one mole-
cule, and complex coatings, such as multi or hierarchical coatings, can
be achieved by saturating with another component during a subsequent
immersion. Besides the above-mentioned techniques, ASM-based sur-
faces with a chemical gradient can also be achieved via
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Fig. 19. A surface with wedge-shaped patterns for wettability gradient at (a) microscale [194] and (b) millimeter scale [195] and the automatic droplet trans-
portation process. (c) A surface with connected wedged microgrooves pattern and the rectified mobile Leidenfrost droplets [196]. (d) Movements of paraffin oil
droplets on surfaces with patterns of wedged microgrooves of sharp and smooth corners [197]. (e) A surface with unconnected wedge-shaped microgrooves and
concave at the bottom, and the directional transport of paraffin oil [25]. Derived topography of wedged grooves of (f) increasing angle of divergence [198], (g)
multi-shape [199], (h) multi-scale [200], (i) tree-shaped hierarchical pattern [201].
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Fig. 20. (a) Dipping and coating deposition [223], (b) dipping and degrafting the pre-attached molecules layer [224], and (c) cyclic draining-replenishing the
solutions [225] processes for the formation of gradient surfaces. (d) Water droplets on a surface with a wettability gradient [228].

evaporation-adsorption [219], chemical vapor deposition (CVD) [229],
gradual oxidation by UV irradiation [230] or laser [231], and thermal
treatment [232,233].

Polymer-based technique

The most common way to fabricate gradient polymer architectures is
by means of a polymer brush, in which polymer chains are terminally
tethered to a surface. The preparation of a polymer brush can be divided

into two categories of grafting onto and grafting from the surfaces. The
first one is a “top-down” graft method that polymer chains are directly
bonded to the surface. The second one is a “bottom up” method that
molecular brushes are growing on the surface via grafting from the or
surface-initiated polymerization. Via these approaches, it is feasible to
create monolayers of a variety of polymers with a thickness between a
few nanometers and micrometers, and the properties of the layers can be
readily adjusted by choosing an appropriate monomer [234-238].
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4.4. External fields

In addition to the above-mentioned strategies at liquid and solid
aspects, introducing complex external fields of electrical [239-247],
oscillatory [96,97,248,249], photoirradiation [250-252], acoustic wave
[253,254], magnetic [255-260] are also feasible manners to regulate
droplets motion, and some typical findings are exhibited in Fig. 21. Yang
et al. [246] designed conjugated polymer electrodes to actuate the
motion of organic droplets (Fig. 21a). Chaudhury et al. [261] success-
fully realized the motion of liquid drops on solid surfaces by vibration
(Fig. 21b). Ichimura et al. [250] reversibly manipulated the macroscopic
motion of liquids by photoirradiation (Fig. 21c). Via non-equilibrium
noise, Magome et al. [253] constructed a regular motion of liquid
(Fig. 21d). Wang et al. [257] proposed a magnetic switch using an
electromagnet to control the migration and re-concentrate the migrated
lubricants (Fig. 21e).

Essentially, these manipulation methods are all based on the surface
tension gradient frame. That is, a proper design of external fields can
change the surface tension of liquid, disequilibrating the interfacial
tensions at the surface/interface, yielding a locomotion. It should be
noted that although these methods are accurate, efficient and effective,
obvious drawbacks exist that are complex, expensive, and with addi-
tional manipulation, which is difficult for practical applications.

5. Outlook

Overall, the current investigations on the thermocapillary migration
of liquids, from the fundamentals to the evaluations, and the corre-
sponding manipulation strategies, is systematically summarized, and
these gradual researches provide deepening insights into the interfacial
phenomenon. With the development of experimental technologies and
theoretical innovations, many unsolved mysteries on this thermocapil-
lary migration could have significant progress in the further. We would
like to share our opinions on the thermocapillary-related research con-
tents and the potential difficulty.
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5.1. Thermocapillary migration of liquid lubricants at different interfaces

Up to now, most of the reported researches on the thermocapillary
migration are on free surfaces. Drawing attention back to practical ap-
plications, one should note that there are many situations where liquids
exist at different interfaces. For example, thermocapillary migration
occurring in tribo-components of rolling or sliding bearings is indeed at
the interfaces between sphere/plate or plate/plate. Although re-
searchers have known the fact that migration would occur at typical
friction pairs with relative speed, the current level of physical under-
standing is mostly obtained from the observed side effects. For example,
in rolling bearings, when the friction coefficient rises rapidly under
extreme temperatures, it is inferred that thermocapillary migration of
liquid lubricants must have occurred. Direct observations on the ther-
mocapillary migration at different interfaces with a relative motion are
currently lacking.

Recently, the authors reported an investigation of the Thermocapil-
lary migration of lubricants at different stationary interfaces [262,263].
As shown in Fig. 22, it is found that liquid lubricants can easily migrate
at the free surface and the plate/plate interface while maintains at the
sphere/plate interface for a long time, accompanied by a continuous loss
of a thin liquid film at the cold side. It means that thermocapillary
migration at varying interfaces is entirely different. However, this work
represents a preliminary experimental exploration of the thermocapil-
lary migration at stationary interfaces. The physical mechanism of
thermocapillary migration at interfaces with a relative motion is still not
clear. The important and difficult points are how to construct an
experimental apparatus contains two rubbing surfaces with controllable
relative speeds and thermal gradients. Castrejon et al. [264] designed an
apparatus to observe the droplets onto moving liquid surfaces, which
provides a feasible method to analyze the motion of liquid on other
moving surfaces. Combining this experimental principle with typical
tribological machines of pin-on-disk [265] or face-to-face [266], or
common mechanical seal tester [267], investigations on the migration at
moving interfaces can be investigated. Besides, the corresponding
mechanism can be realized via both numerical modeling and theoretical

(a) Free surface

(b) Plate/plate interface

()

interface

Sphere/plate

i 20mm ' |

25 mm

' 7 mm

Bl Cold Ml Warm Thermal gradient: 3.6 °C/mm, Lubricant: Silicone oil, Viscosity: 100 mPa-s, Volume: 10 pL

Fig. 22. Thermocapillary migration of liquid lubricants at different interfaces of (a) plate/air (free surface), (b) plate/plate, and (c) sphere/plate [262].
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derivation.

5.2. Regulating thermocapillary migration at different interfaces

With the understanding of the mechanism of thermocapillary
migration at moving interfaces, the regulation and control strategies are
worthy of further study. Compared to the vast reported regulation
strategies on free solid surfaces, research on manipulating thermoca-
pillary migration at different interfaces is just getting started. It is
expectable that continuous relevant researches on regulating the ther-
mal flow at different interfaces from the aspects of solids, liquids, and
external fields, would be a meaningful research hotspot and attract a lot
of attentions.

5.3. Migration at micro or nano scales

Except for the already known thermocapillary migration of liquids at
milli- or meso-scales, migration at micro or nanoscale deserves further
investigation. In the experimental aspect, for instances, thin liquid
lubricant films with a monolayer or a few layers of perfluoropolyether
are often chosen for lubrication in magnetic recording disks, and their
thickness is as small as 0.1 A [18]; In elastohydrodynamic lubricated
(EHL) contacts, starvation often occurs due to limited lubricant
replenishment at high speeds [23]. Moreover, for molecular thin liquid
films, disjoining pressure involves the spreading and dewetting of liquid
droplets. Thus, understanding the underlying driven forces is of signif-
icant importance to properly assess the behavior of droplets on solid
surfaces [268,269]. On the basis of the existing techniques such as op-
tical surface analyzer or optical interferometry film tester and by inte-
grating the temperature control system on them, micro or nanoscale
migration can be realized. In the theoretical aspect, trans-scale modeling
or simulation is still an unsolved problem. Establishing a relationship
between experiment and theoretical results is of great significant
important for optimizing theoretical models and corresponding bound-
ary conditions. Further investigation of these aspects could produce
fruitful findings.

In summary, research on the thermocapillary migration of liquids at
different interfaces is still in its infancy. The inherent science issues,
including the basic mechanism, the theoretical/numerical models, and
the manipulation strategies are currently unsolved. Investigation on
these aspects has significant theoretical guidance and practical appli-
cation value. Future findings are expected to serve in high-performance
mechanical components in aerospace or deep space exploration, such as
boundary lubrication bearings in the helicopter transmission system, the
sealing interfaces of the principal bearing cavity of aircraft engine,
liquid bearings in space, and the like.
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