Manipulation of droplets and bubbles for thermal applications
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Abstract: Liquid-vapor phase change including evaporation, boiling and condensation is a ubiquitous
process found in power generation, desalination, thermal management, building heating and cooling, and
additive manufacturing. The dynamics of droplets and bubbles during phase change including nucleation,
growth, and departure critically influence the thermal transport performance and system efficiency. This
review will highlight recent advancements using static and dynamic strategies to manipulate droplets and
bubbles for phase change applications and beyond.
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Introduction

Liquid-vapor phase change is a key process in various engineering and industrial applications because it
harnesses the high latent heat of vaporization to efficiently transport thermal energy. For example, power
plants utilize boiling to transport heat from the energy sources to produce electricity and rely on
condensation to reject waste heat to the environment.! Improving the phase change heat transfer directly
translates to improved efficiency of the power plant. A 1% increase in the power plant efficiency will lead
to approximately 0.3 EJ/yr energy savings in the U.S. accompanied by reduced CO, emission.> Other
applications include building space heating and cooling which consumes about 40% of total building energy
consumption, electronics cooling, desalination, thermal diode, and additive manufacturing (Figure 1a).

Liquid-vapor phase change refers to evaporation, boiling, and condensation processes. In boiling and
condensation, the nucleation, growth, and departure of vapor bubbles and droplets critically affect the heat
transfer characteristics (Figure 1b).’ These bubble and droplet dynamics are heavily influenced by surface
wettability and morphology. In boiling, hydrophobic spots or cavities facilitate vapor nucleation by
lowering the activation energy, and hydrophilic surfaces promote bubble departure by lowering the contact
angle and thereby the net surface tension pinning force. Engineered surfaces that promote bubble nucleation
can demonstrate the earlier onset of nucleate boiling (ONB) and an enhanced heat transfer coefficient
(HTC), which is a measure of the effectiveness of heat transfer. On the other hand, superhydrophilic
surfaces that promote capillary wetting and bubble departure have achieved over 200% enhancement in the
critical heat flux (CHF) (Figure 1¢).’> Similarly, condensation surfaces that promote condensate removal
through nanostructured superhydrophobic coatings have demonstrated significant heat transfer
enhancement as well. Phase change heat transfer performance is usually characterized using a heat flux vs
superheat/subcooling plot, as shown in Figure 1c¢. Superheat and subcooling are the difference in the wall
temperature and the saturation temperature of the fluid for boiling and condensation, respectively. A desired
characteristic curve would exhibit high HTC, high CHF, and early ONB. This would require engineering
approaches to promote bubble/droplet nucleation, growth, and departure. On the contrary, a surface that
suppresses nucleation and pins bubbles/droplets would show a poor heat transfer performance with reduced
HTC and CHF. It can be seen that manipulating bubble and droplet dynamics is key to achieving enhanced
and tunable thermal transport. Beyond phase change thermal transport, manipulation of droplets and
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bubbles enables new functionalities and performance enhancements in many other applications such as
bubble departure in electrocatalysis*®, digital microfluidics’, programmable micro-reactors®, thermal
diode®!°, and micro-robots'!.
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Figure 1. Droplet and bubble dynamics critically influence phase-change thermal transport. a, Applications
of phase change heat transfer. b, Nucleation, growth, and departure of a droplet or bubble. ¢, Phase-change
thermal transport figure of merit: heat flux vs superheat in boiling or subcooling in condensation. Easy
bubble or droplet departure enhances the critical heat flux (CHF), while pinned bubbles or droplets lower
the CHF. In addition, dense nucleation sites improve the heat transfer coefficient (HTC).

This review article will highlight recent developments using static (passive) and dynamic (active)
approaches to tune the nucleation, growth, and departure behaviors of bubbles and droplets for heat transfer
enhancement in thermal applications and related microfluidics applications. We will first review passive
methods to manipulate thermal transport including asymmetric structures and chemistry, engineered
nucleation sites, coalesce-induced jumping droplets, and slippery liquid-infused porous surfaces (SLIPS)
surfaces for droplet removal. These passive approaches generally involve engineering static surface
morphologies with nanometer to millimeter feature sizes and surface chemistry such as coatings to
manipulate wetting behavior, therefore, impacting bubble and droplet dynamics. We will then introduce
dynamic and active approaches to manipulate multi-phase thermal transport using electrowetting,
electrostatic charging, and ionic and photo-responsive surfactants. The response timescale, stability, and
energy requirements for each method will be discussed.

Static surface structures and chemistry

Asymmetric structures and chemistry

Asymmetric surface micro and nanostructures have been developed to direct liquid droplets or bubbles in
a preferred direction by generating unbalanced surface tension forces (Figures 2 a-c).'>'® For example,
Chu et al. demonstrated uni-directional liquid spreading on tilted hydrophilic nanowires by tuning the
contact angle and the geometry of nanowires (Figures 2a and d).'? In the tilting direction of the nanowires,
liquid wets the entire nanowire once it contacts the base of the nanowire, promoting the contact line to
advance to the next row of pillars. In the opposite direction, the contact line stays pinned. More recently,
Feng et al. designed a 3-dimensional asymmetric surface that selects liquid spreading directions based on
its surface tension (Figure 2e).'® Fast droplet transport has been demonstrated on curvature-gradient
surfaces'” and asymmetric hierarchical micro and nanostructured surfaces.'®
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In thermal applications, it is desired to remove liquid droplets or bubbles quickly from the substrates, which
allows new droplets and bubbles to nucleate to achieve a continuous high heat flux. Buoyancy or gravity is
usually the driving force for bubble and droplet departure. However, in the microgravity environment where
buoyancy or gravity is absent, bubbles and droplets need to be removed via external forces to sustain the
continuous phase change process. Asymmetric structures have successfully been demonstrated to
directionally transport droplets and bubbles during phase change in both terrestrial and microgravity
conditions. For example, ratchet surfaces have been shown to propel Leidenfrost droplets '°2! with a
velocity above 1 m/s (Figure 2b, f) in a controlled direction. The Leidenfrost effect refers to the levitation
of a liquid droplet on a hot surface by an evaporating vapor layer. The asymmetric surfaces lead to a net
propulsion force exerted by the vapor on the droplet. In condensation, asymmetric micropillars or
microstructures can also drive the condensed liquid to move in a preferred direction 222, For example, Park
et al. designed a beetle-inspired surface with asymmetric bumps to initiate condensation preferentially on
the top of the bump, and the condensed droplets spontaneously slide down the bump due to surface energy
minimization.?? Similarly, vapor bubbles can move on asymmetric surface structures in the absence of
buoyancy during boiling (Figure 2c, g).
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Figure 2. Droplet/Bubble mobility on asymmetric surface structures. Schematic of: a, Directional spreading
of liquid. b, Directional transport of Leidenfrost droplet. ¢, Directional transport of vapor bubbles during
boiling. d, Side-view image of a liquid spreading along the tilting direction of micropillars. Adapted with
permission from reference 2. Copyright 2010 Nature Portfolio. e, Top-down image of directional liquid
spreading on a bio-inspired 3-dimensional asymmetric surface. Adapted with permission from reference '¢

Copyright 2021 American Association for the Advancement of Science. f, Leidenfrost droplet moving on
a ratchet surface. Adapted with permission from reference °. Copyright 2011 Nature Portfolio. g, Boiling
bubbles moving towards the right on an asymmetric surface in microgravity. Adapted with permission from
reference 2°. Copyright 2015 The American Society of Mechanical Engineers.

Apart from asymmetric surface structures, another approach is to use asymmetric surface chemistry (i.e., a
spatial gradient of surface energy) to manipulate droplet and bubble dynamics.?*?’ In theory, droplets would
spontaneously move towards the more hydrophilic side to minimize the total surface energy of the system,
while bubbles would move towards the more hydrophobic side. Many studies have designed surfaces with
a wettability gradient through precise control of a coating with a molecular gradient.?®>? For example,
Chaudhury and Whitesides exposed a silicon substrate to the diffusing front of a decyltrichlorosilane vapor,
and the resulting surface displayed a wettability gradient and can move a droplet uphill.?® Zhang et al.
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demonstrated fast droplets removal from a gradient quasi-liquid surface as small liquid droplets are
continuously sprayed onto the surface.”” For condensation heat transfer, both simulations*®3! and
experiments®? of self-propelled dropwise condensation on a gradient surface have been reported. More
experimental studies are needed to further investigate the heat transfer enhancements for condensation and
for boiling, and the durability of these surfaces in terms of degradation and contamination.

Engineered nucleation sites

Controlling heterogeneous nucleation offers the capability to initiate nucleation and control the spatial
distribution of the nucleated phase. In boiling, vapor bubbles tend to first nucleate on hydrophobic spots or
cavities. This is because a vapor embryo on a hydrophobic spot or cavity has a lower curvature and thus a
lower Laplace pressure compared to an equal-volume vapor embryo on a hydrophilic surface (Figure 3a).
This translates to a reduced threshold wall temperature or superheat for the embryo to continue growing in
size since the wall temperature needs to exceed the saturation temperature corresponding to the vapor
pressure of the embryo.> Hsu developed a model that predicts the upper and lower bounds of active
nucleation sites as a function of wall superheat.® Artificial nucleation cavities**>®72:3  bi-philic
surfaces,’”*® and bi-thermal-conductive® surfaces have been developed to promote the onset of nucleate
boiling (ONB), enhance boiling heat transfer coefficient (HTC), and enhance the critical heat flux (CHF).
Hydrophilic artificial nucleation sites are also able to promote condensation nucleation. For example, Hou
et al. developed a bi-philic surface with hydrophilic SiO» micropillars for controlled droplet nucleation and
superhydrophobic nanostructured background for promoting drop-wise condensation and droplet
departure.*® As shown in Figure 3b, droplets only nucleate on the hydrophilic SiO,, which allows precise
control of the nucleation density for optimum thermal transport. Hoque et al. showed that proper design of
the biphilic surface can significantly enhance the condensation heat transfer performance.* Recent works
also demonstrated various strategies to fabricate scalable biphilic surfaces.**> Artificial nucleation cavities
have also been incorporated to enhance HTC in flow boiling where boiling occurs inside micro and mini
channels.® Recently, anti-icing surfaces utilizing controlled nucleation of ice on sacrificial structures have
been developed.** These anti-icing surfaces have ridge structures that favor ice nucleation because of the
high local supersaturation, which effectively protects the substrate from nucleating ice.
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Figure 3. Examples of passive approaches to manipulate droplet and bubble dynamics for phase change

applications. a, Schematic of bubble nucleation on an engineered nucleation site compared with a bubble
nucleating on a hydrophilic surface. For the same initial bubble volume, the bubble in the hydrophobic
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cavity has a lower curvature and a lower Laplace pressure. b, SEM image of a bi-philic surface. The top
surfaces of micropillars are hydrophilic which serve as nucleation sites for condensation. The background
is a superhydrophobic nanostructured surface that promotes drop-wise condensation. Adapted with
permission from reference *¢. Copyright 2015 American Chemical Society. ¢, Schematic of coalesce-
induced jumping droplet for condensation. d, Side-view images of drop removal via coalescence-induced
jumping. Adapted with permission from reference *. Copyright 2009 American Physical Society. e,
Schematic of dropwise condensation on slippery liquid-infused porous surfaces (SLIPS). f, Dropwise
condensation on lubricant-infused vertical graphene nanoscaffolds. Adapted with permission from
reference . Copyright 2021 American Chemical Society. g, Schematic of dropwise condensation on quasi-
liquid surfaces. h, Heat transfer characteristics of quasi-liquid surface, superhydrophobic surface, and
liquid-infused surface. Adapted with permission from reference *’. Copyright 2022 American Chemical
Society.

Coalesce-induced jumping droplets on superhydrophobic surfaces

In recent years, significant attention has focused on drop-wise condensation on hydrophobic surfaces, which
exhibit a much-improved heat transfer coefficient than conventional film-wise condensation on hydrophilic
surfaces. In dropwise condensation, condensate droplets need to be removed to allow for continuous heat
transfer. On a typical hydrophobic surface, droplets grow to the millimeter scale (on the order of capillary
length) and then shed when gravity overcomes surface tension pinning force, exposing the surface
underneath for further droplet nucleation.

Superhydrophobic surfaces, on the other hand, have been shown to promote droplet departure at a
micrometric diameter by allowing coalesced droplets to jump away (Figure 3¢).*** Boreyko and Chen*’
reported that the excess surface energy released during droplet coalescence can be converted to the kinetic
energy of the droplet which can lead to an out-of-plane jumping motion at a speed as high as 1 m/s (Figure
3d). Miljkovic et al. performed heat transfer characterization on nanostructured superhydrophobic copper
oxide surfaces.” They demonstrated that jumping droplets can lead to a 25% higher overall heat flux and
30% higher condensation heat transfer coefficient compared to hydrophobic drop-wise condensing surfaces
at low supersaturation. Enright et al. combined experimental measurement of jumping droplets during
condensation and numerical simulation to show that only a small portion of the available excess surface
energy is convertible to kinetic energy.’! The upper bound of jumping velocity was also predicted.
Numerous studies have characterized jumping droplets during condensation on nanostructured surfaces. >
3> As will be discussed in the next section, the jumping droplets are found to carry a net electrostatic charge,
allowing the use of an external electric field to prevent returning of these droplets to the surface to further
enhance condensation heat transfer. Besides condensation, jumping droplets are also used in thermodiodes®,
water harvesting®®, anti-fogging®’, and vapor chambers for electronics cooling.3*>

However, the nanostructured superhydrophobic surfaces for jumping droplets tend to degrade easily over
prolonged exposure to steam. A range of degradation mechanisms, both physical and chemical, have been
reported such as clogging, erosion, and delamination.®“®! The surface degradation results in hydrophilic
defects which will transition jumping droplet condensation to film-wise condensation and lower the heat

transfer coefficient (HTC). In addition, nanostructured superhydrophobic surfaces cannot achieve dropwise
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condensation for low surface tension fluids such as common refrigerants and natural gas liquids, which are
widely applied in thermal management, refrigeration, and natural gas processing applications.

Liquid infused surfaces and quasi-liquid surfaces for condensation and anti-icing

The challenges associated with superhydrophobic surface degradation and the difficulty to achieve drop-
wise condensation for low-surface tension fluids motivate the development of slippery liquid-infused
porous surfaces (SLIPS) or liquid-infused surfaces (LIS). SLIPS or LIS consists of a lubricating film within
a porous solid material (Figure 3e).°>%* LIS enables minimal droplet adhesion, high droplet mobility, and
dropwise condensation of low-surface-tension fluids, all of which are beneficial for enhanced condensation
heat transfer for various fluids®>*’. For example, Tripathy et al. studied enhanced dropwise condensation
on lubricant-infused vertical graphene nanoscaffolds (Figure 3f).*¢ SLIPS also offers anti-icing
functionalities because condensed droplets or ice shed easily.®®*7° Recent development in SLIPS are
summarized in a few reviews.®®”! It is worth mentioning that depending on the surface energy of the solid,
lubricant, and the liquid droplet, the lubricant can cloak the droplet, causing the lubricant to gradually
deplete as droplets are removed. In addition, lubricant can be collected along with the condensed liquid due
to cloaking, which is not desired in certain applications. Several other failure mechanisms of LIS such as
displacement of the lubricant by the impinging fluid, miscibility of the impinging fluid and the lubricant,
and incomplete wetting of the lubricant in the porous substrate for condensation applications are discussed
in recent works.®*%” Furthermore, Hoque et al. experimentally investigated the effect of cloaking and
lubricants viscosities on the lifespan of LIS and outlined the design guidelines of LIS for different working
environments.”

Quasi-Liquid Surfaces (QLS), on the other hand, are shown to address the durability/liquid depletion
challenges faced by Liquid Infused Surfaces (LIS).”>™*4” These surfaces are made by covalently bonding
flexible polymer molecules to solid substrates (Figure 3g). These molecules have mobile chains on the
untethered end and behave similarly to the lubricant layer to allow low droplet adhesion and contact angle
hysteresis. Owing to the robust chemical bonding of the polymer to the substrate, QLS can avoid the issue
of miscibility, cloaking and drainage observed in LIS. For example, Zhang et al. tethered
polydimethylsiloxane (PDMS) on a solid silicon substrate and demonstrated an ultralow contact angle
hysteresis of only 1 ° with water (substrate at 105 °C).” Further, fog harvesting experiments were conducted
on the quasi-liquid surface and no obvious degradation was observed after 253 minutes. Cha et al.
demonstrated stable dropwise condensation of water on a hydrophilic PEGylated silicon surface with
minimal contact angle hysteresis (< 3 °).” Monga et al. characterized the condensation heat transfer
performance and showed that the quasi-liquid surface outperformed the LIS and superhydrophobic surfaces
(Figure 3h).¥

Dynamic manipulation

While static surface structures and chemistry provide an appreciable tuning capability of multiphase fluid
for thermal applications, dynamically tunable wetting systems enable even wider functionalities and real-
time control capability. These dynamically tunable systems generally utilize structures and chemistries that
respond to electrical, thermal, optical, chemical, and magnetic stimuli to manipulate wettability. The key
metrics are response time, the energy required for the stimuli, reversibility, and tuning range (such as the
change of contact angle). This section will cover a few approaches relevant to thermal applications using
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electric fields (electrowetting, electric field-enhanced jumping droplet, ionic surfactants in an electric field)
and light (photo-thermal capillary effect, photo-sensitive surfactants).

Electrowetting

Electrowetting and in particular electrowetting-on-dielectric (EWOD) have been successfully applied to
manipulate wetting behavior for digital microfluidics and phase-change thermal applications.
Electrowetting is a phenomenon where the wettability or the contact angle of a surface is controlled by an
applied electric potential between the solid and a liquid.*® The mechanism of electrowetting can be
understood as a force generated by the electric field pulling droplets towards the substrate, which lowers
the contact angle (Figure 4a). Conventionally, the liquid is in contact with a metallic electrode substrate,
and EWOD refers to electrowetting on an electrode with a dielectric layer to prevent electrochemical
reactions.

Electrowetting and EWOD have found wide applications including digital microfluidics’®”’, tunable
lenses’®, energy harvesting”, MEMS actuators®, thermal switch®!, and phase change thermal transport.?>#?
Digital microfluidics is realized on an array of electrodes where voltages are dynamically controlled to
transport, split and merge liquid droplets 7%”". It is based on the mechanism that a droplet contacting two
electrodes can have different contact angles according to the voltage applied to each electrode (Figure 4b).
This results in an unbalanced surface tension along the surface direction pulling droplets towards the lower
contact angle side. For thermal applications, electrowetting has been shown to trigger early bubble
departure at the onset of nucleate boiling (ONB) and enhance the CHF by destabilizing the vapor film
during pool boiling.** Electrowetting has also been used to transport liquid droplets in heat pipes 3% for
thermal management (Figure 4c¢). The change of contact angle during electrowetting allows droplets to
contact and detach from a heat transfer surface, and the device functions as a thermal switch (Figure
4d).2'#8 Electrowetting is generally simple to implement and can achieve a fast response time (~ 0.02-1
5),5% large changes in the contact angle, and good reversibility. However, it usually requires a high voltage
(several hundred volts) and a microfabricated electrode array.
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Figure 4. Application of electrowetting in thermal systems. a, Electrowetting on dielectrics. b, Droplet

transport on an electrode array. ¢, Using electrowetting for liquid transport in heat pipes. d, Electrowetting
for thermal diodes.

Electric-field-enhanced (EFE) jumping droplets
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Recent works on condensation have reported that an external electric field can assist the removal of
condensate droplets on superhydrophobic surfaces and therefore enhance the condensation heat transfer
coefficient. As introduced earlier, during droplet coalescence, the release of excess surface energy enables
the coalesced droplet to jump away from the superhydrophobic substrate. Miljkovic et al. showed that the
jumping droplets gain a net positive charge which is associated with the formation of the electric double
layer at the droplet-substrate interface and the subsequent swift charge separation during droplet jumping
(Figure 52).°! They first observed that the jumping droplets repel each other mid-flight, and hypothesized
that the jumping droplets have an electrostatic charge with the same charge polarity (Figure 5b). They
further verified that the droplets are positively charged by introducing an external electrode with a positive
and a negative bias, and by observing the trajectory of droplets in the presence of the electrode. The charge
of droplets measured in a uniform electric field was shown to be constant for small droplets and proportional
to the interfacial area between the droplet and the substrate. Based on this phenomenon, Miljkovic et al.
further applied an external electric field to aid the removal of condensed droplets by preventing them from
returning to the substrate due to the vapor flow towards the condensing surface (Figure 5¢).”> The external
electrode has a negative bias which attracts the positively charged droplets. A 50% enhancement in the
overall condensation heat transfer coefficient on a superhydrophobic surface was observed compared to
that with no applied electric field for low supersaturations (Figure 5c¢). Birbarah et al. developed a detailed
model to optimize the electrodes to minimize energy input based on the condensation heat flux.”* In addition
to a static electric field, Yan et al. reported enhanced droplets departure from superhydrophobic surfaces
using an AC electric field parallel to the substrate.”* Different from the droplet coalesce mechanism, the
droplets stretch and recoil in the AC electric field which results in droplet jumping.
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Figure 5. Electric-field-enhanced (EFE) jumping droplets. a, Charge separation during droplet departure
results in a net positive charge. b, Long exposure time false-color images of droplet-droplet repulsive
interactions. Arrows indicate the initial droplets trajectory. Adapted with permission from reference °'.
Copyright 2013 Nature Portfolio. ¢, Schematic of electric-field-enhanced jumping-droplet condensation
and the heat transfer performance. Adapted with permission from reference °2. Copyright 2013 American
Chemical Society.

Electric-field-enhanced (EFE) jumping droplets are also used in applications beyond condensation. For
example, Oh et al. utilized EFE jumping droplets for active cooling of electronics hot spots. The active
spots of the electronics which generate localized heat are also applied upon a negative electric bias, thus
directing the positively charged droplets to only cool the hot regions.”® Miljkovic et al. demonstrated energy
harvesting based on EFE jumping droplets, where the electrostatic charge from jumping condensate
droplets is collected using another metal surface.’® Traipattanaku et al. used EFE jumping droplets to
demonstrate a thermal diode with a maximum thermal rectification of 325 using a voltage of 50 V.!° Since
EFE jumping droplets typically require a nanoengineered superhydrophobic surface, the degradation of
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these surfaces under prolonged condensation remains a key challenge which requires further research
efforts.

lonic surfactants in an electric field

An alternative approach to tuning multiphase systems is to use surfactants since they affect the surface
tension or interfacial tension. Recent works have demonstrated active control of the contact angle using
ionic surfactants and electric fields.”?” lonic surfactants with a positive or negative charge on the
hydrophilic end can adsorb to or desorb from a solid electrode surface when a potential is applied, therefore
changing the solid-liquid interfacial tension on demand. For example, a positively-charged surfactant can
be attracted to an electrode with a negative potential, aligning the hydrophobic tails towards the liquid phase
which effectively makes the solid surface more hydrophobic. When a positive potential is applied, the
positively-charged surfactants are repelled from the solid which then becomes less hydrophobic. The
advantage of this approach compared to electrowetting is a significantly reduced activation voltage, which
is only 1-3 V, as compared to ~ 100-1000 V in electrowetting. The response time is slightly slower, about
0.5 s.” Similar to electrowetting, prefabricated electrodes are needed to realize spatial control. The spatial
resolution of such an approach is limited to the size of an electrode.

Cho et al. applied this principle to actively control the onset of nucleate boiling.”” An array of electrodes
was fabricated on a boiling substrate with constant heat flux and charged surfactants were added to the
water. When a small electric potential (< 2 V) is applied to an electrode that adsorbs surfactants, nucleate
boiling immediately occurs because the contact angle in the liquid phase increases which lowers the Laplace
pressure required to activate nucleation. When the potential is reversed, surfactants desorb from the
electrode which makes the surface to be relatively hydrophilic again, and nucleate boiling subsides. They
demonstrated the ability to turn boiling on and off on demand and with spatial control. Li et al.” further
applied ionic surfactants for digital microfluidics where droplet splitting, transport, and merging were
demonstrated on an array of electrodes. They report that, by electrostatically adsorbing surfactants to the
substrate, the contact angle of various liquids changes up to 60 degrees.

Light-controlled Thermal-capillary effect

The above three methods all use an electric field as the external stimulus. Here we introduce bubble/droplet
manipulation controlled by light. The advantages of a light-controlled system include a potential spatial
resolution down to the diffraction limit and real-time reconfigurability as no pre-made electrodes are
required. One of the most widely studied phenomena which can be activated by light is the thermal-capillary
effect.”® Thermal-capillary effect drives fluid motion by utilizing a temperature gradient surrounding a
bubble or a droplet, which results in a surface tension gradient causing the Marangoni flow. The Marangoni
flow exerts a net force on the droplet or bubble which causes it to move.” Note that thermal-capillary effect
is initiated by a temperature gradient and does not necessarily need a light source as the heating
method.'"!%! However, photo-thermal capillary effect uses light (usually laser) which can precisely heat a
specific region around a bubble or droplet and it is easily programmable and reconfigurable.

Several studies have demonstrated bubble movement on a solid surface or nanoparticle suspensions directed
by light, where the solid surface or nanoparticles are used to absorb light to generate heat. 1192719 Recent
works have also shown that the depinning of the three-phase contact line near the laser source due to
evaporation can also trigger the bubble to move (Figure 6a-b).!°*1% This mechanism works in conjunction
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with the thermal-capillary effect to drive a surface bubble (where there is a three-phase contact line) to
move towards the higher temperature side. Yang et al.!”” further engineered ‘active surfactants’ using
functionalized nanoparticle dimers that respond to several external stimuli to drive droplet movement. The
nanoparticles are light-absorbing and the thermal-capillary effect causes the droplet to move under a laser
with an intensity of approximately 200 W/cm?. The light intensities used in these studies range from 5.3
W/em? (reference!!) to 3.75 kW/cm? (reference'?). Typically, light intensities on the order of 0.1-1 kW/cm?
are used to drive bubble movement. The required temperature gradient depends on how the surface tension
of different fluids shifts with temperature.

There have been limited studies using the thermal capillary effect for heat transfer applications because,
without light control, the thermal capillary effect appears to hinder boiling heat transfer. During boiling,
the heated surface has a higher temperature than the bulk fluid. The induced Marangoni flow, in this case,
is away from the bubble base along the liquid-vapor interface causing the bubble to pin on the surface. As
discussed earlier, delayed bubble departure can cause premature CHF. Zou et al. also reported that the
thermal capillary effect causes the microlayer underneath a bubble to dry out during pool boiling.'%
Nevertheless, it is possible to use the light-controlled thermal capillary effect to precisely direct droplet and
bubble motions for boiling, condensation, and other thermal applications.
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Figure 6. Thermal- and photo-capillary-induced droplet and bubble movement. a, Schematic of thermo-
capillary effect wherein the deposited nanoparticles absorb laser heat. As a result, the evaporating three-
phase contact line (TPCL) advances causing the bubble to move. b, Top-down optical images of bubble
movement directed by thermal capillary effect. Adapted with permission from reference '*. Copyright 2019
American Chemical Society. ¢, Photo-sensitive surfactants switch their molecular conformation upon light
illumination, which causes a dynamic surface tension change. d, Time-lapse images of a droplet without
and with laser illumination. The laser enabled the droplet to depart from the surface in 0.38 s. Adapted with
permission from reference ', Copyright 2022 American Chemical Society.
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Photo-Marangoni effect

More recently, photo-responsive surfactants have been used to create Marangoni flow which drives bubble
or droplet movement. Photo-responsive surfactants change their molecular conformation upon light
illumination, which can cause a change in the surface tension or interfacial tension. This creates a
Marangoni flow along a fluid-fluid interface, which exerts a net force on the droplet or bubble. Like the
photo-thermal effect, this approach does not require nanofabrication to realize spatial control and only
requires a low light intensity to initiate photoswitch. The stability and reversibility of the surfactants and
the reaction kinetics that determines the response timescale are important parameters to tune and optimize.
So far, some of the photo-responsive surfactants are not stable in an aqueous or pH-neutral environment or
can degrade when in contact with oxygen. The timescale of the photoswitch of common photo-responsive
surfactants is usually 1-10 s, much slower than EWOD and slower than ionic surfactants in an electric field.
However, this timescale has the potential to be reduced by tuning the chemistry of the surfactants.

Photo-surfactants have recently been used for manipulating micro/nanoparticles and drops in liquid
solutions, by inducing a converging flow at a designated spot.''*!'2 More recently, Lei et al. demonstrated
droplet and bubble departure from a solid substrate using photo-responsive surfactants (Figure 6c-d).!"
The change of surface tension increases with light intensity, however, the maximum intensity used to depart
droplets and bubbles is 44 mW/mm? or 4.4 W/cm?, much lower than the intensity needed in thermal-
Marangoni-driven bubble departure or depinning. Due to light absorption from the surfactants, it is possible
for the light to heat the fluid. The change of surface tension due to heating is usually very small compared
to the change of surface tension due to photoswitch. In some cases, heating causes the surface tension to
decrease whereas the photo-switch increases the surface tension, which ultimately drives the fluid motion.
The photo-Marangoni effect can potentially be widely applied to multi-phase fluid applications including
digital microfluidics and lab-on-a-chip platforms. Its application in phase change heat transfer remains to
be investigated. Mainly, to realize boiling, faster reaction kinetics (~ 50 ms) is required.

Discussion and Conclusion

The static droplet and bubble manipulation techniques discussed in this review offer a wide range of
enhancements in heat transfer coefficient, critical heat flux, and directional mobility. In addition, the static
techniques utilizing asymmetric surface structures and chemistry for directional mobility have a potential
for both terrestrial and microgravity applications. It is to be noted that the durability of the introduced
engineered surface structures and chemistries is of extreme importance to achieve prolonged efficient phase
change heat transfer, especially for drop-wise condensation, which typically needs a hydrophobic coating
on an intrinsically hydrophilic metal substrate.®®!'® Therefore, phase change heat transfer measurements on
engineered surfaces should include long-term tests, if possible. To overcome durability challenges, recent
works have investigated robust surface coatings such as metal-polymer composites,''*!''® self-healing
coatings,!'” corrosion-resistant coatings''®!"°| as well as robust hierarchical surface structures.'”® Another
important consideration for industrial applications is scalability. As such, scalable manufacturing methods
such as chemical etching and oxidation'?! and sandblasting!?* have recently been developed to obtain
required surface morphologies. Furthermore, an emerging area of interest is to utilize additive

manufacturing to engineer micro and macro structures for thermal applications.!23-126
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While useful, static manipulation techniques lack real-time control and tunability which is often desired in
practical applications. The dynamic methods, while consuming external energy, allow for tunable
droplet/bubble manipulation. The dynamic strategies discussed in this paper offer a multitude of spatial
resolution, response times, and external energy requirements. Electrowetting offers the fastest response
time (~ 0.02-1 s), whereas chemical methods such as photo-responsive surfactants could be slow (~
seconds), depending on the specific reaction kinetics. The prospect of being able to alter the reaction
kinetics makes the chemical methods a very attractive avenue for future research. System stability is another
important consideration. For example, the durability of superhydrophobic nanostructures for electric-field-
enhanced jumping-droplet condensation, and the stability of photo-responsive surfactants in various
chemical and thermal environments are both important for the longevity of the system. Most dynamic
methods require external stimuli, which may consume energy. Voltage-wise, electrowetting needs the
highest activation voltage (~ 100-1000 V), followed by electric-field-enhanced jumping-droplet
condensation, while the ionic surfactants require the lowest voltage (~ 2 V). The requirement for light
intensity is higher for the thermal-capillary effect than for the photo-capillary effect. For spatial resolution,
light-activated systems can theoretically offer a resolution down to the diffraction limit, and real-time
reconfiguration of the optical pattern. However, the system would require optical access. Electrically-
controlled systems would require nanofabrication of microelectrode arrays to achieve high spatial
resolution, which can be complex however such systems do not require a sophisticated optical source and
optical access.

1127 128,129 1130,131
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Other dynamic manipulation mechanisms based on thermal'*’, magnetic , chemica and
mechanical stimulations'*? have also been reported in the literature. Most dynamic methods have only been
shown to manipulate wettability and liquid/bubble transport, yet their applications to thermal and other
systems remain to be fully explored, which presents new research and development opportunities. For
example, new photo-surfactants with fast switching kinetics, good solubility in various thermal fluids, and
long-term stability can be developed to tune boiling, condensation, and even gas-forming electrocatalysis
which have fast time scales. In particular, responsive surfactants soluble in lubricants may be used in LIS
to manipulate droplets for condensation and anti-icing applications. Non-toxic, bio-compatible responsive

surfactants also need to be developed for water based applications.
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