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1 Introduction

The well-known Marangoni effect describes a liquid flow on a
solid surface caused by liquid/gas interfacial tension gradient [1].
This phenomenon is referred to as thermocapillary motion when
the solid surface experiences a temperature difference [2-5]. Over
the past decades, investigations on the thermocapillary migration
of liquid lubricants have been widely reported, including the funda-
mentals, the evaluations, and the manipulation strategies [6-9].

In real situations, liquid does not appear on a solid surface spon-
taneously, it either flows to the surface in the manner of liquid film
or deposits on the surface in the manner of liquid mist. For instance,
in aeroengine bearing chambers, liquid lubricants are dispersed into
numerous droplets of different sizes due to high rotating speeds
[10]. Once the droplets impact on the chamber wall, they wet the
wall and form a lubricant film [11]. Bearing chambers always
serve in a wide temperature range, and the formed liquid film
could migrate from the warm to cold regions rapidly [12]. On the
one hand, the impact and migration processes can take away the
heat from bearing chamber, enhancing the heat exchange efficiency
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Droplets Impacting and Migrating
on Structured Surfaces With
Imposed Thermal Gradients

In this work, the dynamic process of oil droplets impacting and migrating on structured sur-
faces with imposed thermal gradients was investigated. It was observed that on an isother-
mal smooth surface, a lubricant droplet would impact, spread to a maximum diameter, and
retract; while on a non-isothermal smooth surface, an asymmetric geometrical morphology
of droplet was generated, accompanying with a migration process. Relevant dimensionless
parameters were employed to evaluate the dynamic process, and the physical mechanism
was revealed. Decorating surfaces with convergent microgrooves pattern could not only
increase the maximum spreading diameter but also accelerate the migration process.
These are beneficial for the heat exchange efficiency and lubrication performances.
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[13]; on the other hand, liquid migration contributes to wet the
rubbing surfaces [14]. The heat transfer and lubrication perfor-
mances are two key indicators of aeroengine bearing chambers; it
is of great importance to understand the impact and migration phe-
nomena of liquid lubricants on non-isothermal surfaces.
Previously, water droplet impact on solid surfaces has been widely
investigated, researchers have successfully fabricated microstructures
patterns [15-18], superhydrophobic coating [19,20], or wettability
gradient [21,22] to control water droplets impact dynamic. Since
the surface tension and viscosity of commonly used lubricants is
different from that of water, this discrepancy might yield a different
impact phenomenon, especially when the surfaces are encountered
with external thermal gradients, and besides, their potential appli-
cations are also different. Here comes some basic questions that
what would happen to lubricant droplets when they collide on non-
isothermal surfaces? Is there any inherent connection between the
impact and migration processes? Examination of opening literatures
indicates that investigations on these aspects are rarely reported.
Hence, we investigated the dynamic process of lubricant droplets
on solid surfaces of different structures subjected to a thermal gra-
dient. It was experimentally observed that lubricant droplets would
impact, spread, and retract on isothermal smooth surfaces. An exter-
nal thermal gradient could induce an asymmetric geometrical mor-
phology of droplets, initiating the migration. Surfaces with different
patterns of microgrooves were fabricated, and the dynamic features
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Fig. 1 Schematic of the experimental apparatus

on these surfaces were discussed by quantifying the temporal varia-
tions in impact velocity, spreading diameter, thermal gradient, and
migration distance. Relevant dimensionless parameters were
employed to evaluate the dynamic processes, and the physical
mechanism was revealed.

2 Materials and Methods

2.1 Materials. The solid specimens were made of SUS 316
stainless steel with dimensions of 75 mm x 30 mm x 3 mm, and all

testing surfaces were polished to an average surface roughness of
~50 nm. Microgrooves pattern were fabricated on the surfaces via
lithography electrolytic etching technology, details about the
process are available in Refs. [23,24]. Table 1 exhibits the photo-
graphic images and geometric parameters of the prepared patterns.
Phenyl methyl siloxane (silicone oil) is widely used in rolling bear-
ings due to its excellent characteristic of thermal stability. Here, a
type of silicone oil with a viscosity of 100 mPa- s is employed for
the tests (product number: D104762, Aladdin, China). Since the
equilibrium contact angle of silicone oil on a smooth stainless

Table 1 Geometric parameters of the prepared microgrooves patterns

Groove orientation Sketch map Width (um) Initial pitch (um) Depth (um) Divergence angle (deg)

Smooth Fomioi Na

Parallel 150+ 10 80020 20+4 Na
:

Perpendicular ” “’””“ | 150+ 10 80020 20+4 Na

Divergent . 130+ 10 200+ 20 20+4 3

Convergent 130+ 10 200+20 20+4 3
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Fig. 2 Typical dynamic process of oil droplets on an isothermal smooth surface (a) without
impact velocity and (b) with an impact velocity of 3.5 m/s

steel surface is ~13 deg, and silicone oil can totally spread into the
microstructures (a typical wetting process is exhibited in Fig. S1
available in the Supplemental Materials on the ASME Digital Col-
lection); thus, all prepared surfaces are regarded as mostly wetting
state in this study.

2.2 Methods. Figure 1 shows the designed experimental setup
to test the dynamic process. Two ends of the specimen are attached
to temperature control components of a ceramic heater and a Peltier
cooler, respectively. They are supported by Teflon blocks to reduce
the heat losses. The available length for migration is ~46 mm. By
setting their temperatures simultaneously, thermal gradients could
be generated on the surface, which are measured by two type K ther-
mocouples (accuracy of + 2 °C).

Before experiments, the specimens were cleaned by ethanol
and deionized water and blown dried with nitrogen, sequentially.
Silicone oil droplets were placed at the same position via a micro
syringe as the thermal gradient reached the set value. Via adjusting
the needle diameter and its initial height, droplets with varying
diameters and impact velocities were achieved. A high-speed
camera (i-SPEED 726R, iX Cameras, UK) was employed to
monitor the impact process, and the migration process was recorded
by a digital camera (EOS 6D, Canon, Japan). The experimental con-
ditions are shown in Table 2. For the thermal gradient of 2, 3.62, and
4.28 °C/mm, the temperature of the heater is 98, 173, and 206 °C,
respectively; the corresponding temperature of the cooler is 6, 6.3,
and 9.3 °C, respectively. The thermal gradients were chosen based
on the relevant applications, in which the thermal gradient was
between 0 and 10 °C/mm [25,26]. The insets clearly present the
typical process of a silicone oil droplet on a smooth surface. Via
extracting key frames from high speed and digital cameras, the
spreading diameter and migration distance could be measured.

3 Results and Discussion

3.1 Droplets Impacting and Migrating on Smooth
Surfaces. Figure 2 shows the dynamic process of silicone oil drop-
lets (d =2 mm) on an isothermal smooth solid surface. As shown in
Fig. 2(a), when a droplet is gently placed on the solid surface (nearly

Table 2 Experimental conditions at 25 °C

Initial diameter, d
Droplet volume
Impact velocity, V
Thermal gradient, AT

2,3 (+0.1) mm

5,15 (£0.5) uL.

1.5,2.5,3.5 (20.1) m/s

2, 3.62, 4.28 (+0.02) °C/mm

Dynamic viscosity, u 100+ 5 mPa s
Surface tension, y 20.8 +0.1 mN/m
Mass density, p 963 + 5 kg/m®

Journal of Tribology

without impact velocity), it spreads to the surrounding slowly. As the
impact velocity increases to 3.5 m/s (Fig. 2()), the droplet spreads to
the surrounding rapidly and reaches the maximum spreading dia-
meter (D,,,,) within 2.6 ms, after then, it retracts and remains
stable on the surface. The results indicate that oil droplets impact
on solid surfaces with a specific velocity would undergo a serial
process of impacting, spreading, retracting and stabilization. This
is different from water droplet dynamic under a similar impacting
velocity, of which the droplet would experience prompt splash
within spreading process and break-up within retracting process
[27]. It is because that the viscosity of silicone oil is much larger
than that of water, while the surface tension of silicone oil is much
smaller. In this case, the viscous forces dominate the spreading
and retraction process for silicone oil droplets, while water droplet
dynamic is given by a competition between inertia and capillarity,
resulting in different phenomena. Discussion on the dynamic
process of silicone oil associated with the relevant nondimensional
numbers will be presented in Sec. 3.3. Note that the contact angle
was measured within ~5 s after the equilibrium state reached,
which was much smaller than the apparent geometrical shape of
the droplet within the initial impacting process shown in Fig. 2.

Figure 3 shows the impact and migration processes of silicone
droplets on the isothermal (A7=0°C/mm) and on-isothermal
(AT=3.62 °C/mm) smooth surfaces. The initial diameter and
impact velocity of droplets is 3 mm and 3.5 m/s, respectively. As
shown in Fig. 3(a), whether the solid surface has a thermal gradient
or not, liquid droplets would progress in the sequence of impacting,
spreading, retracting, and stabilization. It is interesting to see that a
thermal gradient can initiate a migration towards the cold side,
resulting in an asymmetric geometrical shape of droplet [28]. Exis-
tence of temperature difference would yield a surface tension gradi-
ent between the warm and cold ends of the droplet; thus, liquid
tends to flow to the cold side, stacking and forming an asymmetric
geometry there.

Figure 3(b) shows the spreading diameter plotted as a function of
time, note that a thermal gradient would contribute to a remarkable
retracting process and yield a slightly larger maximum spreading
diameter. This happens because the liquid viscosity decreases
with increasing temperature; the viscous resistance force is
smaller on the non-isothermal surface than that on the isothermal
one, contributing to the liquid motion. Figure 3(c) shows the migra-
tion phenomenon occurs from the warm to cold sides, and the
migration distance increases gradually as time elapsed, which is
approximately 30 mm within 60 s. On the surface without thermal
gradients, the migration distance is O.

Confirming the impaction and migration phenomena of liquid
droplets on solid surfaces with thermal gradients, key parameters
of initial diameter, impact velocity, and thermal gradient on the
dynamic process are investigated. Figure 4(a) shows the effect of
initial diameter on the dynamic process under an experimental
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(a) No thermal gradient AT=3.62 °C/mm
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Fig.3 (a) Symmetry/asymmetry impact phenomena on a smooth solid surface without/with a thermal gradient, (b) spreading

diameter, and (c) migration distance versus the elapsed time

condition of V=3.5 m/s and AT=4.28 °C/mm. For a droplet with
an initial diameter (d) of 2 mm, the migration velocity and
maximum spreading diameter is approximately 6.1 mm/s and
4.5 mm, respectively; when the d increases to 3 mm, the migration
velocity and maximum spreading diameter increases to 7.3 mm/s
and 7.2 mm, correspondingly. Figure 4(b) shows the effect of
impact velocity on the dynamic process under an experimental con-
dition of AT=4.28 °C/mm and d=2 mm. As the impact velocity
increases from 1.5 to 3.5 m/s, the maximum spreading diameter
increases approximately 17.5%; while the impact velocity has a
little effect on the migration velocity, which maintains at 6 mm/s
under these three different impact velocities. Figure 4(c) shows
the effect of thermal gradient on the dynamic process under an
experimental condition of d=2 mm and V=3.5 m/s. Note that a
higher thermal gradient yields a larger migration velocity, and the
migration velocity of AT=4.28 °C/mm is 6.1 mm/s, which is
nearly three times higher than that of AT=2 °C/mm.

Generally, a larger initial diameter or a faster impact velocity (a
higher initial impact energy) could yield a higher amplitude of
maximum spreading diameter, this trend is consistent with the

published investigations on water droplets [29]. Since the migration
occurs accompanied by the impacting process, for a droplet with a
larger maximum spreading diameter, the surface tension gradient
between the warm and cold ends would be larger, which would
yield a faster migration velocity. For the oil droplets under consid-
eration, the heat conduction time scale (h*/k) is of approximately
1's, where i (~0.6 mm) is the droplet height and & (~0.15 mm?/s)
is the thermal diffusivity. The reason why the thermal gradient
has a limited effect on the maximum spreading diameter is that
the spreading process occurs within the initial 10 ms, this time
scale is much smaller than the heat conduction time scale.
However, after the droplet reached the maximum spreading dia-
meter, the retraction process begins, and then thermal gradient
plays a significant role, contributing to an asymmetric geometrical
shape of droplet, as shown in Fig. 3(a). More details on the relation-
ship between impact and migration will be presented in Sec. 3.3.

3.2 Droplets Dynamic on Structured Surfaces. Figure 5
shows the impact and migration processes of oil droplets on a

12 1.2
£, la b (c
@ o) )
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L == == -0.8
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Fig. 4 Effects of (a) initial diameter, (b) impact velocity, and (c) thermal gradient on the
maximum spreading diameter and the migration velocity on smooth surfaces
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Fig. 5 Droplet dynamic on a smooth surface and surfaces with parallel, perpendicular,
divergent, and convergent grooves under an experimental condition of d=2mm, V=
3.5m/s, and AT=4.28 °C/mm: (a) impacting, spreading, retracting, and migrating
process within the initial 1 s, (b) migration process within 30 s, (c) the dimensionless
spreading diameter, and (d) the mean migration velocity versus the elapsed time

smooth surface and surfaces with parallel, perpendicular, divergent,
and convergent grooves under an experimental condition of d=
2mm, V=3.5m/s, and AT=4.28 °C/mm. As shown in Fig. 5(a),
on surfaces with different microstructures, droplets would impact,
spread, retract, and migrate to the cold side, sequentially. As the
bottom panels of Fig. 5(a) exhibits (at 1000 ms), asymmetrical
shapes of droplets are formed on these surfaces. Figure 5(c) shows
the dimensionless spreading diameter with the elapsed time on
these surfaces. Note that the diameters increase rapidly to
maximum within ~4 ms, after then, droplets retract to minimum
(at ~60 ms) and migrate to the cold side. Decorating surfaces with
microstructures could affect the spreading diameter, and the
surface with parallel grooves has a largest maximum spreading
diameter.

The migration processes within 30 s are exhibited in Fig. 5(b),
and the data are shown in Fig. 5(d). Obvious differences exist

Journal of Tribology

among the migration velocities on these surfaces, which are in
ascending order of perpendicular, divergent, smooth, parallel, and
convergent. The velocity is ~1.03 mm/s on the surface with conver-
gent grooves, while it is just ~0.23 mm/s on the surface with per-
pendicular ones. Overall, to achieve longer impact time, a surface
with parallel grooves is suitable; while to achieve a faster migration
velocity, a surface with convergent grooves is preferred.

3.3 Discussion

3.3.1 Droplet Impact. For the liquid droplets under consider-
ation, its surface tension is small and viscosity is high (Table 2),
the mean orders of magnitudes of Reynolds number (Re =pVd/u),
Weber number (We=pV2dly), and Ohnesorge number
(Oh =u//pdy) are ~10, ~10°, and ~1, respectively (where p is
the mass density, V is the impact velocity, d is the initial diameter,
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y is the surface tension, and u is the dynamic viscosity) [30]. Refer-
ring to these relevant numbers, it is believed that the inertia and
viscous forces dominate the spreading process, while capillary
and viscous forces dominate the retraction process [31]. Hereby,
the dimensionless impact number (P=We*Re ) can be
employed to quantify the impact dynamic [32].

3.3.2 Droplet Migration. Note that the surface tension of a
liquid decreases with increasing temperature, a liquid would flow
from low to high tension regions. When the oil droplet collides to
a non-isothermal surface, the temperature difference generates a
surface tension gradient along the free surface of droplet
(Fig. 6(c), y1<7,), inducing a migration from the warm to cold
sides. The onset behavior of migration is determined by the ratio
between the diffusive time scale (oD, /ux) and the thermocapil-
lary time scale (pD2,, /Tayy), where Ty is the thermal difference
between the hot and cold sides (Th = AT -Dpax)s 7t
(~0.042 mN/m °C) is the surface tension coefficient, and x
(~1.56 mm?/s) is the thermal diffusivity [33]. Hereby, the relevant
Marangoni number (Ma = y;TaDmax/pk) is employed to quantify
the migration dynamic.

The impact number (P) and the Marangoni number (Ma) are cal-
culated and shown in Fig. 6. Note that the dimensionless maximum
spreading diameter (D, /d) is in a linear relationship with the
impact number (P), and experimental data under different condi-
tions all follow this trend. For the migration process, as shown in
Fig. 6(b), under a specific impact number (P), the migration velocity
(Ugos) increases gradually with increasing Marangoni number (Ma).
This relationship can be adopted to predict droplet the impact and
migration processes in real applications.

041807-6 / Vol. 144, APRIL 2022

3.3.3  Relationship Between Impact and Migration. It is inter-
esting to notice that there exists an internal relationship between
the impact and migration processes. As shown in Fig. 6(b), when
the impact number (P) is small, increasing the Marangoni number
(Ma) would yield a rapid increasing in migration velocity. As the
impact number (P) increases, the rate of increase of migration velo-
city with Marangoni number is reduced. This relationship can be
explained as follows. The capillary and viscous forces dominate
the retracting process, for a droplet with a larger D,,,,,, more time
is needed to retract. The longer the retracting time is, the later the
migration will be. Mathematically, the theoretical migration velo-
city (U) can be simplified as [28,34]: U=~ ATyrh/2u, where h
denotes the droplet height. As sketched in Fig. 6(c), case I and
case II represent a large and a small D,,,,, respectively. A larger
impact number (P) would yield a larger D, (Fig. 6(a)), forming
a smaller 4. Consequently, the migration velocity, and the rate of
increase of migration velocity with Marangoni number, decreases
with increasing impact number (P).

3.3.4 Droplet Dynamic on Structured Surfaces. As shown in
Fig. 6(c), for a droplet impacting on a surface with parallel
grooves, the grooves obstruct the spreading in the y direction and
restrict the liquid between several grooves, which yields a small
width in the y direction. While for the perpendicular ones, the
spreading in the y direction is accelerated, generating a large
width in the y direction. For the droplets under consideration, the
maximum spreading diameter D,,,, is inversely proportional to
width in the y direction, it means that the D,,,, is largest on the
surface with parallel grooves and smallest on the surface with per-
pendicular ones. Similar phenomenon occurs on the surface with
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divergent or convergent grooves, while the divergent or convergent
gradient diminishes the influences of grooves; therefore, the corre-
sponding D, is between that of parallel and perpendicular ones.
This is consistent with the experimental results in Figs. 5(a) and
5(c).

Note that the droplet height (k) is inversely proportional to its
width in the y direction, thus, the /& on the surface with parallel
grooves would be higher than that on the smooth one, according
to the above formula, the migration velocity would be faster.
Besides, microgrooves act as micro capillaries, contributing to the
migration [35]. Divergent grooves gradually contribute the spread-
ing of liquid in the y direction, as time elapsed, the droplet height (%)
decreases gradually, and the migration is weakened. While conver-
gent grooves gradually limit the spreading of liquid in the y direc-
tion, and the droplet height (4) increases gradually, thus the
migration is enhanced. For perpendicular grooves, it significantly
obstructs the migration. Therefore, migration velocity on these sur-
faces is in descending order of convergent, parallel, smooth, diver-
gent, and perpendicular (Fig. 5(d)).

3.3.5 Outlook. The droplet impact, droplet migration, relation-
ship between impact and migration, and droplet dynamic on the
structured surfaces were discussed. A qualitative comparison on
the migration mechanism on surfaces with different patterns of
microgrooves was provided. This discussion is benefit for under-
standing the migration mechanism. For a detailed comparison
between theory and experiments one would need to resort to more
detailed models, e.g., in the framework of CFD or a mathematical
derivation.

Overall, understanding the impact and migration of oil droplets on
a solid wall is relevant to many industrial applications such as print-
ing, cooling of surfaces by sprays, and especially in tribo system with
oil mist lubrication. The impact and migration processes of oil drop-
lets affect the heat transfer and lubrication, and designing micro-
grooves on the chamber wall provides an effective manner to
enhance the heat transfer and the lubrication performances.

4 Conclusions

In this study, experiments were designed to investigate oil drop-
lets impacting and migrating on structured surfaces with imposed
thermal gradients. It was observed that lubricant droplets would
impact, spread, and retract on isothermal smooth surfaces. An exter-
nal thermal gradient could induce an asymmetric geometrical mor-
phology of droplets, initiating the migration. Dimensionless
parameters of Weber, Reynolds, and Marangoni numbers were
employed to evaluate the dynamic process, and the relationship
between the impact and migration processes was revealed. Decorat-
ing surfaces with microgrooves pattern can control the dynamic
process efficiently, of which convergent microgrooves pattern can
not only increase the maximum spreading diameter, but also accel-
erate the migration process. These are beneficial for the heat
exchange efficiency and lubrication performances of bearing cham-
bers using oil mist for lubrication.
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