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Abstract

Liquid droplets deposited on a saw-tooth ratcheted surface will move spontaneously in a
unique direction attaining a reasonable terminal velocity (typically, 10 cm/s) provided that the
droplets are in the Leidenfrost state. Here, the droplet levitates above the surface on top of a
vapour cushion produced by the evaporating liquid. This work aims to explore the potentials
of the phenomenon in the field of droplet mixing. New ratcheted surfaces in the shape of a
ring were manufactured to constrain empirical studies in a shorter footprint (enabling more
conditions to be studied). Experiments were also used to gain new insights into the
mechanism, with the purpose of superseding the limited scaling analysis previously given in

the literature.

(1) A high-speed camera was used to capture the droplet motion (e.g. droplet velocity) and
droplet mixing process (e.g. colour distribution). A custom programme in MATLAB refined
these images to isolate a region of interest (ROI) corresponding to the droplet field. The
efficiency of the programme was tested by comparing the results against time-consuming
manual measurements performed in Imagel (Fiji); differences of just 0.75-3.82% were

observed.

(2) A new analytical model was developed on the basis of a Leidenfrost droplet, where the
deformable nature of the liquid is taken into account for the first time. Droplet deformation
was theoretically analysed through a pressure balance, by considering the dynamic pressure
(produced by the fast droplet motion), the static hydrodynamic pressure (produced by gravity),
and the Laplace pressure (produced by the surface tension). The model indicates that the
acceleration and driving force are sensitive to the deformation of the liquid and the geometry
of the ratcheted surface (height and length of the ratchets), but shows little dependence on

the droplet size and surface temperature.

(3) Four aluminium ratcheted ring designs were employed to study the self-propelled droplets,
in a difference of ratchet parameters, ratchet shape and diameter scale. Meanwhile, the
droplet deformation around the ratchets was observed via a microscopic lens. These
measurements were used to validate the model with respect to different ratchet parameters,

surface temperatures (between 300°C and 400°C) and droplet sizes (from 30 pL to 1500uL).



The model fitted the experimental measurements better than previous reports, having a
maximum of 23% deviation. Additionally, it was found that the annular ring design enabled
higher terminal velocities than other linear ratchet designs in the literature, up to 0.39 m/s,

which is potentially beneficial to energy harvesting and flow chemistry applications.

(4) The four ratcheted rings and a flat substrate were then used to study mixing inside the
droplets under the Leidenfrost state. Measurements were collected for a range of different
droplet volumes (from 400uL to 1200uL) and surface temperatures (from 300°C to 400 °C).
The result shows that it takes a maximum of 5 s for mixing to reach completion under the self-
propulsion Leidenfrost state compared to several minutes for the room temperature diffusion
benchmark. Therefore, the mixing efficiency has been significantly improved using these

Leidenfrost propulsion devices.

Keywords: Leidenfrost effect; image analysis; droplet self-propulsion; analytical model; liquid

deformation; mixing
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Liquid phase

Latent heat of evaporation of the droplet (J/kg)

Droplet length (m)
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Chapter 1. Introduction

The Leidenfrost effect is named after a German scientist J. G. Leidenfrost who carefully
described the observation of a water droplet on a superheated spoon in the book “A Tract

About Some Qualities of Common Water” (1756):

‘This drop which first fell upon the glowing iron is divided into a few little globes, which
nevertheless after a little while are collected in one great globe again....this water
globule will lie quiet and without any visible motion, without any bubbling, very clear like
a crystalline globe, always spherical, adhering nowhere to the spoon, but touching it in

one point.” [1]

Later studies identified a thin vapour film beneath the droplet, allowing the droplet to slowly
evaporate in a long-lived, non-wetting and ultramobile state [2-4]. Levitation was also
observed for superheated metal particles on a water bath [5] or between two liquids that have
a notable difference of the boiling point [6-9], known as the inverse Leidenfrost effect. A newly
interesting discovery is the intense trampolining of hydrogels on a superheated surface. These
soft solids, consisting of ~99% water, deform upon impact with the heated surface leading to
elastic energy. The vapour trapped beneath owing to the Leidenfrost effect would further

deform the body to promote droplet bouncing for a considerable amount of time [10].

There have been a subsequent wealth of studies to understand the minimum temperature
(Leidenfrost point [11-13]), vapour thickness [14, 15], droplet stability [15], and so forth. Many
of these discussions were framed around increasing the Leidenfrost point to avoid the
inhibition of the heat transfer rate in this regime [16-19]. However, new dynamical discoveries
in association with the Leidenfrost effect have generated increased excitement over potential
new applications. This has led to an increased number of new studies and subsequent
identification of new phenomena such as droplet bouncing and tramlining [20, 21], droplet

self-propulsion [22-24] and droplet self-excitation [25-28].

1.1 Self-Propelled Leidenfrost Droplets
In 2006, Linke et al. observed a remarkable pumping effect for Leidenfrost droplets on a saw-

tooth ratcheted surface [24]: droplets were spontaneously entrained at a notable speed of
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Chapter 1 Introduction

several cm/s over considerable distance, showing promise as a waste heat recovery device for
energy generation. Self-propelled Leidenfrost droplets were also observed on a flat surface.
However, only droplets on the order of the capillary length (radius < 1.5 mm) were able to
self-propel for these flat surfaces [22]. This is because the capillary Leidenfrost droplet was
self-tilted in response to an asymmetric internal flow, whilst the symmetric flow patterns in
larger Leidenfrost droplets produced no net force. These convective cells had a surface
velocity of ~5 cm/s via the measurement of particle image velocimetry (PIV), showing the

potential for a new means of enhancing droplet mixing.

The most prominent theory to explain the underlying mechanism for droplet self-propulsion
is the viscous stress mechanism [29], where the vapour beneath the droplet flows due to a
pressure gradient, which then drags the droplet along with it. A joint effect of droplet
bouncing was observed on a sub-family of ratchet designs (micro scale) [30], which provides

further potential applications for microfluidic systems.

Wells and Agrawal et al. constructed a rotation system of Leidenfrost solids and liquids on a
turbine-like substrate, from which the proof-of-concept for energy conversion from thermal
to kinetic energy then onto electrical energy was demonstrated (see figure 1.1 below) [31,
32]. This self-propulsion effect also has potential in microfluidic systems for transport and
targeted delivery of chemicals in the lab-on-a-chip field [33]. For example, Linke et al. [24]
proposed that this phenomenon could be used to cool computer microchips without the need
for extra pumps to drive the coolant [34]. In conjunction with other dynamical behaviours, a
Leidenfrost droplet may possess extra ‘turbulent-like’ features towards enhancing the internal
fluid flows for mixing. The ratchets needed for droplet self-propulsion themselves may
contribute to later growth of turbulence when the droplet collides with the ratchets [35].
These Leidenfrost-effect-inspired reactors could enable higher reaction yields owing to fast

mixing inside the droplets.

One roadblock stopping the practical exploitation of this self-propulsion is the high-
temperature requirement for the phenomenon to actually work. Most available waste heat
sources are classified as ‘low-grade’ (below 200-277 °C [36, 37]), which is often insufficient to
produce the interesting dynamical effects. In pursuit of a lower temperature regime for
droplet self-propulsion, Dupeux et al. used superhydrophobic coatings to extend the

2



Leidenfrost temperature below the boiling point (~77 °C), together with a reduction of
temperature inside the droplet [38]. Previous reports show micro structured fabrications can
also create large contact angles, favouring a reduction in the Leidenfrost point [39-41]. The
‘cold” temperature regime raises hopes for new fields and applications of the Leidenfrost

regime in the near future.
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Figure 1.1 — A Leidenfrost heat engine. (a) and (b) are the initial design of the heat engine. (c)
and (d) improved the design to a continuously operation system. Panels (a) and (b) are taken

from [31]. Panels (c) and (d) are taken from [32]

1.2 Areas for Further Research and Problem Statement

Existing models in the literature only describe the dynamics for “self-propelled Leidenfrost
droplets” using a simple scaling analysis based upon rigid solid bodies (usually a dry ice disc)
[42]. There is still no quantitative description of the more complex geometries associated with
the deformable liquid-vapour interface beneath a liquid droplet. This severely restricts the

ability to design Leidenfrost-based systems for the aforementioned applications. It will
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therefore be worthwhile to establish a new quantitative first-principles model by taking the
liquid deformation into consideration. This will also improve the general understanding of the

driving force.

Since a Leidenfrost droplet generates internal convective cells [22] that will combine with
other effects such as star-shaped oscillations (on a flat surface) [25] and self-propulsion (on a
ratcheted surface) [24], these dynamical behaviours may further generate turbulent-like
patterns inside the droplet so as to improve the mixing process. This area has received little
attention and also warrants further investigation to test the potential for using these devices

for mixing applications.

In terms of empirical studies of this self-propulsion, the conventional design is to fabricate the
ratchets in a linear array [24]. Cousins et al. constructed concentric circular ridges to trap the
Leidenfrost droplets [43]. An alternatively advanced design is to fabricate the ratchets on a
ring-shaped substrate, both to save the footprint and to terminate corresponding study under

observation.

1.3 Research Aims and Objectives

Based on the above gaps in knowledge, the overall aim of this thesis is to provide a
fundamental understanding of the propulsion dynamics for a self-propelled Leidenfrost liquid
droplet and explore droplet mixing under the Leidenfrost state. Four main themes are defined:
(1) development of a suitable method for recording and analysing the motion of liquid
Leidenfrost droplets, (2) development of a new analytical model to describe the propulsion
dynamics of these liquid droplets, (3) perform experimental studies on droplet self-propulsion
in compact ring devices, (4) study droplet mixing under the Leidenfrost state. To achieve these

goals, the following objectives are defined:

1. Experimental study of droplet self-propulsion on several ratcheted ring designs using
a high-speed camera, in the difference of droplet size, ratchet parameters and surface
temperature;

2. Experimental study of mixing between a self-propelled water droplet and a dye
droplet, to be carried out on the four ratcheted rings in the Leidenfrost regime;

3. Automatic detection of droplet motion and mixing through the development of a
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custom programme, based on digital image manipulation in Imagel and coding in
MATLAB;

4. A new mechanistic model to quantify the driving force of liquid droplets whilst taking
droplet deformation into account in a non-empirical way;

5. To summarize the research and provide an opinion on the directions of the research

field.

1.4 Novelty
A custom programme is presented in Chapter 3 to process the high speed camera videos,

which makes data analysis more precise and efficient.

An analytical model is presented in the thesis to describe the dynamics of self-propelled
droplets (in Chapter 4). The model is constructed with the consideration of droplet
deformation for the first time, whereby a theoretical analysis of droplet deformation is
performed under a pressure balance between the hydrostatic pressure, dynamic pressure and
Laplace pressure. Using the friction model proposed in the literature, a terminal velocity
model is proposed in a further step, aiming to direct the optimization of the ratchet design.

This has not previously been attempted in the literature.

Four ratcheted surfaces in a ring shape are fabricated, which enables experimental studies in
a much smaller footprint compared to the wider literature, which all use linear surfaces that
impose restrictions on the measurement of the terminal velocity. Experimental results of the
self-propelled droplets (in Chapter 5) are shown to be in good agreement with the model (in
Chapter 4). Meanwhile, these devices demonstrate an excellent method for fast droplet

mixing (Chapter 6), opening up a potential new research direction.






Chapter 2. Literature Review

The common observation of seemingly random gliding water droplets on a hot kitchen pan is
an example of Leidenfrost induced motion. In the Leidenfrost state, a vapour layer insulates
and levitates the droplet from the surface, making the droplet highly mobile with little friction
[44]. A droplet in the Leidenfrost state can also bounce (e.g. figure 2.1a) [21], analogously to
the bouncing observed on hydrophobic surfaces [45-47]. It briefly contacts the surface [48]
that induces a directed rebound by the presence of the texture gradients [49-53]. Directed
droplet motion can also be induced by an asymmetry of surface temperature (e.g. figure 2.1b)
[23, 54] or surface topology (e.g. figure 2.1c) [24]. Additionally, in the presence of phase
contact, a ratcheted surface can also induce liquid transport due to local differences in wetting
angles. Figure 1d(i) demonstrates liquid transport on a ratcheted surface via a pulsed electric
field [33, 55-57]. These ratcheted surfaces also exist in nature. For example, Shorebirds have
beaks containing ratcheted capillaries that are able to transport water in combination with
mechanical tweezering motion (e.g. figure 1d(ii)) [58]. Araucaria leaves also contain ratchet-
like structures to direct liquid motion (e.g. figure 1d(iii)) [59]. In these examples, it is the
combination of an external energy source with the surface and liquid properties that
introduces the anisotropy necessary for propulsion. However, the transport speed is only a

few mm/s [55].

Remarkably, on a ratcheted surface, a Leidenfrost droplet will self-propel in a well-defined
direction with a high velocity (order of ~0.1 m/s; e.g. figure 2.1c) [24]. These velocities are
much higher than other passive transport effects such as the Marangoni effect [60-64]. These
systems with no other external energy fields (other than the heated surface) are designated
as Leidenfrost self-propulsion devices, first introduced by Linke et al. [24]. Leidenfrost self-
propulsion has since inspired several studies to understand the origins and fundamentals of
this phenomenon, leading to further developments in micro/nano fabrication technologies as
well as several interesting applications. In view of the recent interest in this area, Stewart
traced the dynamical discoveries of the Leidenfrost effect back to the very first story on the
phenomenon in 1732 [4]. Earlier, Quéré paid effort to describe the Leidenfrost dynamics in
the Annual Review of Fluid Mechanics [65]. The purpose of this chapter is to highlight the
state-of-the-art in the Leidenfrost self-propulsion area to identify the present gaps in

knowledge and corresponding future research directions.
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2.1 Wetting Theory
In statics, the degree to which a liquid drop will spread on a solid surface can be described by
Young’s equation:

Ysv = ¥sL + Y €0s B¢, (2.1)

where ysy, Vs, and ¥y = y;, denote the respective solid-vapour, solid-liquid and liquid-
vapour surface tensions, and 6, is the contact angle that the droplet makes with the solid
surface at equilibrium. Under most conditions, the droplet partially wets the surface (0" < 6,
< 90°) as demonstrated in figure 2.2. Complete wetting occurs when 6,, = 0° where the drop
completely covers the solid surface. Conversely, complete drying corresponds to 8., = 180",
though this is rarely observed. Generally, if the contact angle exceeds 90°, the surface is
described as being hydrophobic. In the particular case of a Leidenfrost droplet that levitates
on a vapour cushion, only one surface tension is involved; ys;, and yg; disappear from 2.1:

Here, the index S is replaced by V, which yields 6, = 180° that represents a non-wetting state.

’_Pa rtially wet_‘

’ Completely wet ‘ ‘ Completely dry ‘

Figure 2.2 — Ideal wetting of a drop on a solid surface. Figure reproduced from [66]

From a practical point of view, most solids are not homogeneous due to the natural roughness
or chemical heterogeneity. This leads to a difference of the contact angles between the front
and the rear of the droplet, which is referred to as the contact angle hysteresis. This difference
in contact angles generates a force that enables droplets on inclined surfaces to resist motion
due to gravity. The magnitude of the so-called contact angle hysteresis is on the order of the
contact angle itself, which itself qualitatively depends on ‘how’ and ‘where’ the drop is
deposited on the surface. More detailed theoretical knowledge on the phenomenon of

wetting and spreading is referred to the reviews by Bonn et al. [66] and Quéré [67].
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2.2 Leidenfrost Dynamics

2.2.1 Levitation on Smooth Surfaces

The Leidenfrost effect occurs when a liquid or solid “contacts” a surface significantly hotter
than the boiling (liquid) or sublimating (solid) points, resulting in the formation of a vapour
layer that insulates and suspends the liquid/solid from the surface. The vapour beneath a
Leidenfrost body is expelled isotropically [42], and in this regard, the body randomly hovers
over a flat surface. The vapour thickness is thin (10~100 um [15]) which confirms the
dominant role of conductive heat transfer (kAT /h,, per unit area) over convection (hAT, per
unit area). Here, AT is the temperature difference between the droplet and the surface, k is
the thermal conductivity of the vapour (~0.038 W-m1-K'! at 250 °C), h,, is the vapour layer
thickness, and h is the convection heat transfer coefficient (roughly 25-250 W/(m?-K) for
gases). Radiation becomes comparable when the temperature exceeds 1000 °C [65]. Herein,
the lifetime of the liquid/solid is drastically increased owing to the lower heat transfer rate

[15].

When the droplet’s size is comparable to the capillary length (see equation 2.1), the droplet
stays quasi-spherical owing to the cohesion provided by the surface tension. Note, in equation
2,1,y and p;, are the surface tension and liquid density at the boiling point respectively, and
g is gravity. When the droplet size increases, gravity begins to dominate the role of surface

tension. leading to a constant droplet height, where H; = 21, [15, 65].

1

I = (ﬁ)E 2.1)

Levitation may enter a stage of Rayleigh—Taylor instability for large droplets, where the vapour
in the centre rises and forms a chimney before it finally bursts as evident in figure 2.3a [15]. A
slight curvature of the flat surface will prohibit the instability, whereby a Leidenfrost droplet
undergoes star-shaped oscillations as shown in figure 2.3b. The vibration of these evaporating
droplets has since been described, though the underlying mechanism was initially poorly
understood. It has recently been suggested that the oscillating hydrodynamics are a result of
local differences in the vapour thickness that create large shear stresses around the droplet’s
liguid-vapour interference, which then induces large pressure oscillations beneath the
droplet’s centre [25, 68, 69]. Nevertheless, the oscillations present the opportunity for a
Leidenfrost-effect-induced stirred tank reactor.
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(a)

Figure 2.3 — (a) Chimneys of vapour induce the Rayleigh-Taylor instability for large
Leidenfrost droplets (Biance et al. [15]), (b) Star-shaped droplet oscillation. Figure taken from
Ma et al. [25]

|
Figure 2.4 — Capillary Leidenfrost droplets self-propel on a smooth surface [70]

A newly discovered dynamical behaviour is the self-propulsion of capillary Leidenfrost
droplets on a smooth surface [22]. These so-called “Leidenfrost wheels” (see figure 2.4) were
self-titled by an asymmetric internal fluid flow such that the vapour expulsion was anisotropic,
inducing a viscous drag towards the drop from above. Large droplets that failed to self-propel
instead developed symmetric internal flow patterns. These convective cells had a surface
velocity of ~5 cm/s measured through particle image velocimetry (PIV), suggesting a
promising method for fast droplet mixing. In the video by Chiu and Sun [71], a pure water
droplet (radius of 1.1 mm) mixed with a fluorescent droplet (radius of 1.1 mm) mixed in only

0.05s.
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2.2.2 Special Dynamics

The inverse Leidenfrost phenomenon was reported in 1969: hot metal particles were
observed to levitate above a liquid base [5]. It was the large heat flux between the metal
particles and liquid that formed a bubble wall that suspended the metal particles. Afterwards,
the inverse Leidenfrost phenomenon was observed between two liquids. This included droplet
self-propulsion due to the different vapour thicknesses between the front and back edges of
the levitated drop [6-9]. The lifetime of these suspended droplets depended on the heat
energy stored in the Leidenfrost body. Upon eventual cooling, the body finally sinks into the
second liquid (the liquid substrates tend to have a very low boiling point) [5, 7]. The maximum

particle size that can be suspended is determined by the surface tension.

In 2006, Linke et al. [24] found that droplets of different types can self-propel on a saw-tooth
ratcheted surface, provided that the solid surface is heated above the Leidenfrost point of the
droplet, T, [15, 72]. Droplets self-propelled along the descending slope of the ratchet,
reaching a remarkable terminal velocity in a short amount of time (see figure 2.6). Leidenfrost
self-propulsion is marked as a modern breakthrough in the dynamical discoveries on
Leidenfrost effect [4, 65]. Theoretically, any vaporisable material has the ability to self-propel

on a ratcheted surface as long as the Leidenfrost state is obtained.
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Figure 2.5 — Hydrogel trampolining. (a) The hydrogel gradually stopped bouncing on the cold

surface, where the audio signal (bottom) did not reflect any evaporation. (b) On a heated

surface, the restitution coefficient is maintained as 1 or even above because of the energy

injection during evaporation, which kept the hydrogel bouncing in a steam engine way for a

considerable time. Figure taken from Scott et al. [10]
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A somewhat related phenomenon has also been observed that converts thermal to kinetic
energy, which may provide an alternative strategy for building a waste heat engine. Hydrogels
are three-dimensional hydrophilic polymer networks that can absorb relatively large volumes
of water making them remarkably elastic. Usually, when elastic materials impact solid
surfaces, the kinetic energy is converted into elastic potential energy and a small amount of
heat as the material deforms. It is the dissipation of this heat that results in energy loss,
causing the kinetic energy to decline over time (see figure 2.5a). However, hydrogel spheres
impacted on hot surfaces have shown the ability to continually rebound for several minutes
(see figure 2.5b) [10, 73, 74]. In this case, the energy loss is compensated by an overpressure
upon deformation caused by the evaporation of the absorbed liquid and resulting ejection of
the vapour. Thus, the droplets will continually bounce provided there is sufficient liquid
remaining and a heat source. Restitution coefficients greater than unity have even been
observed, meaning hydrogel spheres placed on heated surface will seemingly spontaneously
start bouncing. Another system of such mechanical energy injection can be realised via two
hydrogels colliding in a microwave, as the contact region will create intense electromagnetic

hotspots that causes the same type of overpressure evaporation [75].

2.3 Leidenfrost Self-Propulsion on Ratchet Surfaces

d = AT=96%

(=]

Rk G R S
Time (s)

Figure 2.6 — The report by Linke et al. [24] | (a) High-resolution photograph of the liquid-
vapour-solid interface, (b) Schematic of the directed vapour flow driven by the pressure
gradient Ap = p, — pg, (c) A nucleate boiling event in low temperature regime. Evaporation
was enhanced to further improve droplet motion, (d) Typical velocity trend for a self-

propelling droplet. Measurement was stable in high temperature regime (main panel) but

fluctuated in low temperature regime (inset)
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In the initial report, Linke et al. [24] also found droplet self-propulsion was influenced by the
droplet size, temperature regime and ratchet parameters. In detail, puddles or slugs were
observed to break into small droplets unless a confined channel was provided. Propulsion was
enhanced in a low temperature regime, owing to the nucleate boiling effect when the droplet
made partial contact with the surface (see sub-figures 2.6¢c and 2.6d). Whereas a full
Leidenfrost regime produced stabilized droplet motion due to a fully developed vapour layer.
Later studies by Ok et al. [76] and Grounds et al. [77] further quantified a more significant

improvement in the low temperature regime, which was called a transition regime [78].

Linke et al. [24] initially proposed different mechanisms to account for the droplet self-
propulsion. Considering the deformed liquid gave rise to a pressure difference along the
ratchet slope (see sub-figures 2.6a and 2.6b, showing a difference of Laplace pressure), it was
suggested that self-propulsion may stem from the viscous drag induced by a pressure-driven
flow in the vapour. However, this did not explain the self-propulsion of a solid sublimatable
disc (dry ice) which does not deform. Subsequently, a debate emerged within the literature
on the underlying mechanism for Leidenfrost self-propulsion. New mechanisms such as a
“rocket effect” (jet thrust) [79], thermal creep flow [80], viscous mechanism [42], asymmetric
wettability [49], and self-rotation-induced propulsion [81] were proposed. More in-depth
studies based on numerical [29] and experimental [42] approaches seem to bring the debate
to an end: a rectified vapour flow by the asymmetric ratchet drags the droplet along (see

Section 2.5 for further discussion).
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Figure 2.7 — Expanded patterns for Leidenfrost self-propulsion. Panel a taken from Soto et al.

[82]. Panel b taken from Cousins et al. [43]. Panel ¢ taken from Dupeux et al. [83]

Nevertheless, Linke et al’s device has inspired a rich variety of designs for droplet control. On

the one hand, ratchets were scaled down at micro/nano scale [76], on the other hand patterns
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were expanded to other asymmetric shape such as herringbones (figure 2.7a) [82, 84] and
concentric ridges (figure 2.7b) [43]. Even a simply tilted solid can self-propel on a flat surface
(figure 2.7c) [83]. All these designs can rectify the evacuation of vapour and consequently
generate propulsion. In a broader scope, a dynamical Leidenfrost self-propulsion could be
created using external forces. For instance, Soto et al. [85] designed a substrate with pores
through which air was blown to levitate objects. The air flow was directed by the embedded

herringbones and that levitated the object which then ‘surfed” on the air cushion.

2.3.1 Enhanced/Unconventional Propulsion at Micro and Nano Scales

Micro and nano scaled patterns have been manufactured as a step towards micro- and nano-
fluidic applications using techniques such as micromilling [76], pulsed laser source [30, 86] and
anisotropic reactive ion etching [49, 50]. Though the Leidenfrost point could be increased by
surface roughness effect [16, 19, 87-90], droplet velocities were up to 0.4 m/s in a low

temperature regime [76, 91, 92].

Specifically, Ok et al. [76] identified a threshold temperature (Tr, ) to trigger droplet
propulsion, which was lower than the corresponding Leidenfrost point on the specific surface.
This had also been observed by Linke et al. [24], who noted that higher droplet acceleration
with higher terminal velocities existed in a lower temperature regime, even though the
insulating vapour layer was not fully developed. This low temperature regime corresponds to
the transition boiling regime [78], where the liquid partially contacts the surface. The heat
transfer rate is greatly enhanced in the transition boiling regime, leading to an increased
evaporation rate that enhances propulsion. To evidence the local surface contact, Alex et al.
[77] used a microphone to monitor the sound produced by the droplets. Little sound was
recorded in the Leidenfrost regime, whereas signals showed notable amplitudes in the

transition boiling regime, enabling both regimes to be differentiated.

When structures were further reduced to nano scales, a Leidenfrost droplet hovered randomly
[49], corresponding to a scenario that the droplet treats the substrates as a flat surface [76].
When the droplet was released from a considerable height, directional droplet motion was
observed given that the nanostructured patterns were designed with preferential wettability
[49, 50]. The Weber number, as defined in equation 2.2, was selected as the criterion for the
two scenarios as it compares the droplet inertia to its surface tension.
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Here, v, is the impact velocity and D is the droplet diameter. At increased Weber number, the
boiling regime transfers from gentle boiling to transition boiling [49, 78, 93, 94]. Hence, the
directional motion is a coexistence of several dynamical effects. Firstly, a Leidenfrost droplet
made brief contact with the solid surface at a considerable Weber number [48, 93, 94],
inducing preferential spread of the droplet owing to the anisotropic wetting properties [51,
53]. Secondly, a capillary droplet would bounce when impacted onto a superhydrophobic
surface (see figure 2.1a) [10, 20, 21, 45, 48, 73, 74]. The droplet could re-bounce in a quasi-
elastic regime, where the restitution coefficient approaches unity (defined by the ratio of

relative speeds after and before collision) [20, 74].

2.3.2 The Cold Leidenfrost Self-Propulsion Regime
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Figure 2.8 — Contact angle hysteresis from two kinds of hydrophobic nanostructure | (A) and
(B) are the SEM (scanning electron microscopy) images of the two. (A) A brass surface coated
by Glaco solution. (B) A silicon surface decorated with nanocones and coated by
fluorosilanes. (C) Contact angle hysteresis A cos 8 from the two surfaces. Figure taken from

Bourrianne et al. [95]

Extending the Leidenfrost self-propulsion below the usual Leidenfrost temperatures is
important for practical applications. Superhydrophobic coatings have been used to make the
surface water-repellent, leading to a notable reduction of the Leidenfrost point [95, 96]. The
domain where a droplet exhibits self-propulsion has extraordinarily extended to a regime
below the boiling point [38], suggesting a much thinner vapour film to induce self-propulsion.
In this ‘cold’ self-propulsion regime, the droplet does not levitate but sits on a fixed vapour

thickness that scales with the surface roughness. The pinning effect from the contact angle
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hysteresis [97] eventually prohibits droplet motion, indicating a threshold temperature for
droplet self-propulsion. In Dupeux et al.’s study [38], a colloidal solution set the threshold
temperature around 77 °C. The pinning effect is weak on a surface with conical structures
(figure 2.8B), suggesting a much lower threshold temperature for droplet self-propulsion. This
hydrophobic surface coating technique may therefore unlock the capability to recover lower

grade/quality waste heat for energy harvesting applications.

Dubnack et al. [98] further considers the stability of the colloidal solutions used by Dupeux et
al. [38]. They chose to use silanization for superhydrophobic treatment, and nanostructures
were textured on the ratchet tops using laser-induced periodic surface structures, which
consequently modified surface roughness and wetting properties. Droplet self-propulsion was
observed around 120 °C, which is still far below the usual Leidenfrost self-propulsion

temperatures.

2.4 Solid Leidenfrost Phases

Figure 2.9 — A self-rotation device made of two Leidenfrost solid bodies. An off-centred rod
creates the asymmetry of the system to induce solid motion in opposite directions. Figure

taken from Dupeux et al. [83]

Beyond the study with pure droplets, solids that sublime have also been studied. The use of
dry ice platelets in the mechanism study simplified the system by eliminating droplet
deformation [29, 42, 79, 99]. Dry ice was even used to demonstrate a proof-of-concept of
electricity generation by Wells et al. [31], who attempted to exploit the kinetic energy from
the high-speed Leidenfrost self-propulsion. Since solids can be sculpted into different shapes,

a “continuous ratchet” was created by tilting a piece of dry ice (see figure 2.7c) [83]. The
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absence of the ratchets made this transportation mode more efficient in two ways. First, this
approach is theoretically more scalable because the absence of the ratchets eliminates the
potential for the levitated object to strike the steps. Second, the absence of the ratchets also
reduces the apparent friction associated with the energy loss of the deformed liquid (friction
will be analysed in Section 3.5) [100], meaning the acceleration phase for a Leidenfrost solid
is longer, which enhances the terminal velocity (increasing the energy conversion efficiency).
Likewise, tilted solid camphor can self-propel on a smooth surface [83], and a droplet in
capillary length can tilt itself to self-propel not only on a solid surface [22] but also on a liquid
substrate [6-9]. Figure 2.9 shows a self-rotational system on the basis of the special properties

in Leidenfrost solid bodies [83].

Leidenfrost
cart

Leidenfrost

Water Droplet

=

Leidenfrost cart
- bottom surface
Figure 2.10 — Design of a frictionless Leidenfrost cart. Figure taken from Ali et al. [101]

More interestingly, Ali et al. [101] designed a frictionless cart driven by Leidenfrost droplets.
The design of the so-called Leidenfrost cart is shown in figure 2.10. Several droplets were
placed underneath a solid plate, behaving as the ‘wheels’ of the cart when they self-propelled
on a ratcheted surface. The cart exhibited very minor friction by the presence of the vapour
cushion [65]. However, the vapour thickness became thinner when increasing the loaded
mass, as expected, which finally prevented the cart from sliding as the pinning effect raised
the friction. In this study, the cart consumed considerable energy because of the high

Leidenfrost point.

A diverse system of levitation may alter the heat transfer mechanism, then finding its
application in the field of spray quenching applications. For instance, Edalatpour et al. [102]
recently discovered a three-phase Leidenfrost effect that hugely increased the Leidenfrost
point to 550 °. In the three-phase system, a piece of frozen water was surrounded by a small

guantity of meltwater and the whole object was levitated on its vapour layer. Convection in
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the thin meltwater film is no longer ignorable in addition to the conduction in the thin vapour

film, leading to an abrupt increase of the Leidenfrost point and the heat flux.

2.5 Current Theoretical Advancement

The exact mechanism for the Leidenfrost self-propulsion and the friction exerted by the
ratchets has been the subject of debate for some time. Some of the proposed theories have
been experimentally validated, whilst others have been supported by numerical analysis. This
section of the review will outline and compare these proposed mechanisms, including in-
depth discussion of the self-propulsion phenomenon itself. Studies based on experimental
studies will be carefully described, while theories from numerical analysis will be briefly

introduced as it is beyond the scope of the research.

2.5.1 Initial Proposals by Linke

Linke et al. [24] proposed different mechanisms to explain the phenomenon they observed.
Their viscous mechanism involves the evaporated vapour beneath the droplet being rectified
by the deformed droplet shape, which then exerts a viscous drag on the droplet. As shown in
figures 2.6a and 2.6b, the negative and positive curvature differences between points A and

B, indicates a local difference of the Laplace pressure, as defined in equation 2.3.

Ap = - (2.3)

Here, Ap is the pressure difference between the droplet’s internal pressure and the external
pressure in the vapour film and r is the local radius of the curvature of the droplet. This
pressure differential between point A and point B, subsequently induces a vapour flow down
the declining slope of the steps, while part of the vapour escapes laterally into and out of the
plane of figure 2.6b (black arrows, also see figure 2.12 for clarification). Therefore, a net
‘forward’ driving force causes the vapour to flow ‘forward’ in each ratchet period. Because of
the interfacial viscous force (i.e. no-slip boundary condition), this vapour flow then ‘drags’ the

droplet in the same direction.

A model of Poiseuille vapour flow between two parallel plates [103] was applied for the
viscous analysis. Experimental measurement was needed to deduce the driving force for lack
of models on pressure difference (which is a question of force analysis) and vapour thickness

(which is a question of heat transfer analysis).
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They also pointed out thermocapillary flow may also induce propulsion (along the red arrows
in sub-figures 2.6b and 2.6c), which then leaves an open question for later studies on the role

of viscous drag and thermal creep [29, 80].

2.5.2 Jet-thrust Momentum Conversion and Corresponding Models

Using a piece of dry ice to reproduce the Leidenfrost self-propulsion, Lagubeau et al. [104]
pointed out the insignificance of deformability of the moving body. Instead, a “rocket effect”
was proposed to explain the forward propulsion of the Leidenfrost body. Specifically, the
vapour is rapidly expelled from the Leidenfrost body during evaporation which is then rectified
by the presence of the ratchets, resulting in a directed vapour flow in the opposite direction

to the motion of the dry ice (i.e. Newton’s 3™ law of motion).

An elegant model was subsequently proposed to develop the theory. First, a model of the
vapour thickness was proposed based upon the conservation of matter. That is, the flow rate
of the evaporated mass (scaled as equation 2.4) equates to the rate of mass evaporation,
which was itself considered using Fourier’s heat conduction law across the vapour film

beneath the droplet (scaled as equation 2.5):

M ~ phoRU (2.4)
kATR?
~ 2.
Lh (2.5)

In these equations, U is the vapour flow velocity, h is the vapour film thickness, R is the
radius of levitated body, k is the thermal conductivity of the vapour, L is the latent heat of
evaporation and AT is the temperature difference between the bottom of the Leidenfrost

body and the ratchet surface (assuming to be constant).

A lubrication approximation was used for the flow rate analysis in equation 2.6, given that the

film thickness was much smaller than the radius of the levitated body, i.e. hy < R:

U~—— (2.6)

Here, i is the vapour viscosity and AP is the overpressure induced by the weight of the
Leidenfrost body (equation 2.7; where p, and H, are the density and height of the Leidenfrost

body respectively). The pressure difference then drives the vapour flow.
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AP ~ poHog (2.7)

Combining equations 2.4—-2.7 then provided a scaled representation of the film thickness, h,.
Under the assumption of momentum conservation, the driving force for propulsion, Fy = MU,

was given by equation 2.8 (where C = (uxAT /LppogHy)*/?).

3

R\z
Fr ~ (C*ppig®Ho*/u?) (E) (2.8)

Assuming that the model suits a water droplet, C is constant for large droplets at a specific

temperature because the droplet has a stable height of ~5 mm [15].

100 |

F (uN)

10 |

1 10
R (mm)
Figure 2.11 — Direct force measurement via a glass fibre, deflecting the fibre by a distance of

0. Figure taken from Lagubeau et al. [104]

This model suggested an exponent of 1.5 for the power law relationship between the driving
force, Fy, and the droplet radius R. A method of direct force measurement was proposed as
shown in figure 2.11a to confirm this. Here, a glass fibre was used to hold a propelling droplet
in place, where the elastic tension of the fibre balanced the driving force. The elastic force in
response to the horizontal distance, K8, was taken as an equivalent value for the driving force

acting on the droplet via the interaction of the vapour and the ratchets. The vertical elastic
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force was ignored in the analysis. A line of best fit through the experimental data gave a slope

of 1.47, seemingly validating the jet thrust mechanism (solid line in figure 2.11b).

2.5.3 Viscous Stress Induced by Rectified Vapour Flow

R

I

2R
Figure 2.12 — Vapour flow (arrow direction) rectified by saw-tooth ratchets, via tracer

measurement. Figure taken from Dupeux et al. [42]

Following the proposed jet thrust mechanism, the same group made a later clarification
following the further careful consideration of the vapour flow behaviour beneath the
Leidenfrost body. This was deemed to be critical for properly discriminating between the
viscous stress drag and the vapour rocket mechanisms. To avoid the experimental error
induced by liquid deformation, dry ice was selected as the subject of their investigation [42].
Small glass beads were chosen as tracers to visualise the vapour flow. Tracking the displaced
beads confirmed that the vapour flow was isotropic on a flat plate but anisotropic on a
ratcheted surface. The majority of the beads had a positive x velocity (self-propelled direction
on the order of 10 cm/s), though some fell off the step backwards, a similar conclusion to that
of Linke et al. [24]. Furthermore, they found that the beads escaped from the ratchets
symmetrically perpendicularly to the direct of motion (figure 2.12), with almost the same
velocity as the forward velocity. This effect occurred within each individual ratchet, meaning
that a net gas flow in the positive x direction was produced. Consequently, the dry ice platelet
above the ratchets was dragged along the descending slope of the teeth. Based on the
experiments, they calculated the Reynolds number to be around 0.1. Here, they defined the
Reynolds number using Re = (pU?/1)/(nU/h3), which compared inertia in the numerator
with viscous resistance in the denominator. This result aligned with the viscous stress

mechanism proposed by Linke et al. [24]. Meanwhile, they clarified that the Reynolds number
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had been overestimated in their previous jet thrust study where inertial propelling force was

considered.

Their revised model analysis was again in the spirit of the Poiseuille flow, yielding the driving

force scaling as:

In equation 2.9, the thickness of the vapour flow was simply taken as the ratchet height (e,
see definition in figure 2.1c), leading to h/A ~ a. Here, A is the ratchet period (see definition

in figure 2.1c) and «a is the inclined angle of the teeth relative to the horizontal.

In their effort to explore the mechanism underlying the Leidenfrost self-propulsion a ratchet
rectified vapour flow was clearly pictured. The model in equation 2.9 subsequently gives a
general overview how the dynamics could be affected by the droplet size (e.g. radius R). Yet
the deformable nature of a droplet raises the question of whether the model suits a
Leidenfrost liquid candidate. Assuming complete deformation, in which the liquid closely
reaches the ratchet slope, a vapour thickness model could be established based on the work
in reference [79]. For insufficient deformation, the boundary condition for the analytical
solution of the effective vapour flow may be changed when considering the component of the
accompanied air flow. Beyond that, it is natural to question if a quantitative model could be

established, in particular for a deformed liquid candidate.

2.5.4 Additional Considerations Based on Numerical Analysis

Most studies now agree that the evaporated vapour is rectified before dragging the levitated
body (whether it is a liquid droplet or solid disc). However, Wiirger [80] suggested yet an
alternative mechanism: gas was directed by the thermal creep that does not rely on droplet
evaporation (see figure 2.13). Steffen et al. [29] later ‘proved’ the insignificance of the thermal
flow component via a numerical simulation of the Boltzmann equation, which confirmed the
dominant role of the pressure-driven flow. In particular, the pressure-driven flow also explains
the observation of ‘reversible’ Leidenfrost self-propulsion [86, 105], where the vapour is

directed in the opposite direction because of the different parameter of the ratchets, resulting
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in motion in the ‘opposite’ direction (‘opposite’ direction refers to motion from right to left

relative to the ratchets in figure 2.13, whereas the ‘correct’ direction is from left to right).

-+ -
J e | z
Ts . /i

Figure 2.13 — Directed gas flow (blue arrow in the right-hand panel) induced by creep flow.
This mechanism does not rely on the droplet evaporation in the left-hand panel. Figure taken

from Wiirger [80]

In line with the viscous mechanism in Section 2.5.3, Baier et al. [99] conducted numerical
analysis that gives access to the vapour flow in three dimensions, where they aimed to give a
definitive quantitative description for solid propulsion [99]. This study provides a detailed flow
field including the flow along the declining slope as well as the lateral flow along the groove.
It has made a breakthrough to supersede the simple scaling analysis previously conducted [42],
which may provide a better understanding of the experimental results moving forward;
though the error between the experimental data and predictions by the updated model are
still under consideration. Note that this model was only developed for Leidenfrost solids,

because the deformation of the liquid will make the analysis more complicated.

2.5.5 Friction

During motion, the primary driving force for propulsion is eventually balanced by friction, a
consequence of energy loss due to deformation around the ratchets (liquid) and air resistance
(liquid and solid), which ultimately gives rise to the terminal velocity of the Leidenfrost bodies
on the heated ratcheted surfaces (since the resisting force generated by friction grows as the
velocity increases). Some have applied Stokes’ law to analyse the frictional drag component
exerted by the surrounding air [24, 30]. In fact, the air resistance is negligible. The friction
resulting from the ambient air is scaled by pv2R?, having an order of 0.1 uN, which is 2-3 order

of magnitude smaller than the driving force (see the measurement in figure 2.11). Instead, the
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main energy loss occurs due to deformation of the liquid around the ratchets and the

dissipated kinetic energy as the Leidenfrost liquid droplets strike the ratchets.

Dupeux et al. [100] subsequently fabricated a surface with symmetric crenelations (see figure
2.14) to demonstrate the energy loss. As expected, a droplet with an initial velocity
decelerated very fast due to the soft strikes against the ratchets. The friction consists of two
components. First, the deformed liquid loses kinetic energy when striking the ratchets, and
the kinetic energy scales as p;, R2ev? at the volume R?¢. Second, the deformed liquid has to
overcome potential energy barriers p,gR?H?. It corresponds to a friction scaling as equation
2.10 at a displacement of A, where b; & b, are numerical coefficients to be fitted from

experiments:

2

€ €
Fy, = bip gR? T + byp R?v? 7 (2.10)

Figure 2.14 — Crenelated surface stops a moving droplet. Figure taken from Dupeux et al.

[100]

For a Leidenfrost self-propulsion system (see figure 2.6), this area warrants further research
to better understand the role of friction. This includes the confirmation of the importance of
liquid deformation and further study into how the motion of the droplet influences the friction
(i.e. sliding and/or rotation). For example, recent evidence for rotation on a smooth hot
surface is provided by Bouillant et al. [22], where small water droplets were found to self-
rotate. Viscous dissipation within these rotating droplets may also need to be taken into

account [106, 107].
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2.6 Potential Application Proposals

2.6.1 Levitated Microreactors

v-‘é“’& H,‘,O...
.w‘.*\. .o OH

Figure 2.15 Effect of charge separation in a Leidenfrost droplet [108]

Levitation of Leidenfrost droplets inhibits surface contamination and therefore the adsorption
of unwanted surface analytes. It is therefore proposed as an additional method to improve
the sensitivity analysis in microfluidic devices, e.g. for mass spectrometry [109, 110].
Moreover, Lee et al. suggested that film boiling is a green-chemistry pathway to produce
metal nanoparticles and nanoporous metals by disposing conventional toxic reducing agents
[111]. In the study by Bain et al. [112], chemical reactions were significantly accelerated in a
Leidenfrost droplet because of interfacial effects. There is speculation that temperature
gradient in a Leidenfrost droplet [113] would induce an effect of charge separation, as shown

in figure 2.15, so as to enhance the process of nanofabrication [108].

2.6.2 Frictionless Transport

Leidenfrost droplets do not contaminate the substrate as they are suspended by a vapour film;
the small value of which also makes the motion near-frictionless (F,,~ 10 uN for R~ 3mm
[104]). The motion on the heated ratcheted surfaces has a predictable direction with a very
appreciable terminal velocity compared to other passive liquid transport phenomena. The
simple Leidenfrost cart studied by Ali et al. [101] shows that the transported object does not
necessarily need to be vaporisable. Theoretically, the ‘wheels’ of this cart can be continuously
replenished to enable low-friction transport across heated surfaces. Alternatively, an artificial
air flow can also suspend objects and control the propulsion direction; Dan et al. [85] designed
a substrate with pores for air injection, eliminating the need to supply thermal energy entirely
(the underlying principle of the air hockey table). Sugioka et al. [114] further proposed a ‘side-
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shooter’ design that could move droplets at higher velocities (~0.15 m/s). Figure 2.16
demonstrates the concept: A stationary droplet (symbol “1”, in blue colour) suddenly
transformed into a Leidenfrost state by applying a sudden heat flux to the thin-film heater
(symbol “3”, in red colour), exerting a vapour film between the droplet and the thin-film
heater. The vapour film was asymmetrically deformed, which induced asymmetric surface
tension forces acting on the droplet. The droplet then set into motion by the external force.
Here, the droplet sit on a hydrophobic surface to reduce the pinning effect by contact
hysteresis [47]. The droplet propelled with a velocity comparable to that on a ratcheted

surface, whilst avoiding the more complex ratcheted surface pattern.

Figure 2.16 — A Leidenfrost side-shooter designed by Sugioka et al. [114] | 1 Water droplet |
2 Hydrophobic substrate | 3 Thin-film heater | 4a&b Surface tension at the corner | 5&6 Net

forces acting on the droplet

1A II 1B
2

e

(a) (b)
Figure 2.17 — A Leidenfrost mixer. (a) Concept of design | 1A&B Ratcheted substrate placed
in an opposite direction | 2 A ring used to constrain the droplet | 3 Rotating water droplet | 4
Ratchets direction. (b) Internal fluid flow via particle image velocimetry (PIV) measurement.

Figure taken from Sugioka et al. [115]
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2.6.3 Leidenfrost Mixer

In another example, the new discovery of internal convection in a Leidenfrost droplet inspires
a new technique for droplet mixing. Such concept introduced by Sugioka et al. [115] was
demonstrated in figure 2.17, as called a Leidenfrost mixer. By paring opposing sets of
ratcheted surfaces, a Leidenfrost droplet generated convective internal flows to mix pearl
pigments in seconds. Whereas no spreading existed in an equivalent stationary water droplet.
In comparison with the flow rate in an electrokinetic system (on the order of ~1 mm/s), the
velocity field in this system has greatly increased to the level of 0.1 m/s, implying the Reynolds

number (Re) were increased by a factor of 100 to yield a high theoretical mixing efficiency.

2.6.4 Energy Harvesting

In terms of self-propulsion on a ratcheted surface, the high velocities make it promising for
the generation of useful energy from waste heat. Gary et al. [31, 32] have subsequently
attempted to construct a Leidenfrost heat engine for the generation of electricity. In the initial
proof of concept (panels a and b in figure 1.1) [31], asymmetric ratchets were manufactured
in a turbine-like surface, where a Leidenfrost solid (which is dry ice) rotated to generate work
from the heated surface. Though the efficiency from heat to motion is low (~ 10®), electricity
generation was evidenced through electromagnetic induction. Subsequently, they proposed
a heat engine system based on a thermodynamic cycle (panels c and d in figure 1.1) [32]. In
this work, a liquid stream rotating on a ratcheted ring served as the rotor of the engine. The
consumed liquid can be fed by an external pump, which makes the system continuous. The
closed thermodynamic cycle is believed to have potential applications in deep space and
planetary exploration as the environment there would potentially benefit the energy
efficiency of the system (e.g. the vacuum ambient pressure). Further, the typical temperature
differences would support different feedstocks (e.g. H20, CO; or CH4) to support energy

generation [32].

2.7 Chapter Summary and Outlook

Liquid droplets (or solid discs) when subjected to the Leidenfrost effect on specially textured
ratcheted surfaces exhibit self-propulsion behaviour, provided the droplet/solid covers at
least one ratchet period. In general, a liquid droplet may obtain a constant terminal velocity
as the deformed liquid loses energy in the face of soft strikes by the rigid ratchets. At
millimetre scales, the terminal velocity of liquid droplets is typically ~0.1 m/s. Faster
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acceleration occurs at intermediate temperatures, where a transition boiling regime enhances
the heat transfer rate. Nucleate boiling at lower temperatures tends to inhibit the droplet
propulsion, and higher temperatures lead to the full development of an insulating vapour
layer that decreases the evaporation rate (film boiling). By further scaling down the saw-tooth
ratchets to micron or sub-micron scales, smaller droplets are able to be propelled on the
surface at a speed up to 0.4 m/s. Further, superhydrophobic coatings make it possible to
reduce the critical temperature for propulsion, even below the boiling point (e.g. ~77 °C for
water), although the velocity tends to decrease in these ultra-low temperature regimes as

well.

Inspired by the conventional ratchet designs, other asymmetric textures can also generate
propulsion by a rectified vapour flow. Likewise, a tilted solid can also self-propel even on a flat
surface. More interestingly, an artificial directed air flow enables propulsion. These studies

are helpful to open further opportunities in practical applications.

A Leidenfrost body may acquire a rich number of dynamical behaviours at the same time.
When released from a sufficient height, a capillary droplet makes a brief contact with the
surface before it bounces back. On a surface with preferential wettability, the droplet spreads
in a preferential direction during the brief contact. Herein, a small Leidenfrost droplet can be

directed to rebound.

Experimental evidence and numerical simulations have suggested a pressure-driven flow as
the mechanism. A quantitative model is still lacking, in particular for a deformable liquid
candidate. Current viscous mechanism is limited to a scaled model representation, which is
not useful for quantification, prediction, or design. A general model on Leidenfrost self-
propulsion together with a friction model analysis may assist to build a model on terminal

velocities, which is helpful to propose an optimized ratchet design.

One of the potential exciting applications envisaged in the literature is electricity generation
for space exploration. However, it is obvious that the efficiency of this process will be very low
because of the dominant energy consumption required to sustain levitation in comparison to
other thermodynamic heat engines. Although there is some scope for improving the operating
temperature via a combination of changing the operating temperature, using hydrophobic
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coatings, and optimisation of the geometries. On the other hand, a Leidenfrost droplet
generates convective internal flows, which suggests a promising approach for droplet mixing.
It is envisaged that new application will emerge in the future that are better suited to exploit

the unusual behaviour of these Leidenfrost self-propulsion devices.
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Chapter 3. Methodology

This chapter will describe the experimental setup for analysing Leidenfrost droplet motion and
mixing on Leidenfrost rings. This includes descriptions of how experiments were performed to
minimise bias, the recording of raw image data using CCD/CMOS cameras with high frame
rates, the use of open-source Imagel (Fiji) software for processing the raw image files, and the
automated analysis of the processed images using a custom programme written in MATLAB.
The use of MATLAB saves considerable time enabling more experiments to be performed
whilst Fiji provides the ability to manual process the results to compare with and validate the

efficacy of the automated MATLAB results.

3.1 Design of Devices

The ratcheted surfaces in this project were arranged in a ring shape as shown in figure 3.1 (all
purchased from GYROSCOPE.COM and used without further modification). The use of rings
instead of linear ratcheted surfaces as commonly used in the literature enables the terminal
velocity of the droplets to be reached in a much smaller footprint. Table 3.1 summarises the
geometric parameters of the ring designs. The effects of ratchet height (¢), ring diameter,
ratchet period (1), and ratchet shape were considered. The ratchets were either triangular or
trapezoidal (having a ‘flat top’). Here, A, is used to describe the effective period of the
trapezoidal ratchet, namely A, = A — |Flat Top Length|. Note, the ratchet period at the
inner edge (4;) of the ring was different to the outer edge (4,) as a result of the manufacturing

process, so an average value is presented.

(b) (c)

Figure 3.1 — Schematic of the ratcheted rings; (a) top view, (b) side view and (c) 3D view; 1,

and € are the ratchet period and height respectively at the outer edge
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Table 3.1 — Summary of ring geometries used in this study

Rin Outer Inner 1 1 e Flat Top
Design Diameter  Diameter  Ratchet Shape (mm) (mr?n) (mm) Length

8 (mm) (mm) (mm)
1 0. D> 1.05 1.05 -
i 0.85 0.85 -

0. [ 1.14  0.87 0.27

2 103 83 D 0.91 0.86 0-> 0.05
3 0. ‘> 3 3 -
[ 241 241 -

0. D 1.07 0.79 0.28

4 1 4

38 8 N 0.5 0.5 0 -

0. and i. represent the outer and inner side of the ring respectively

Other surfaces such as ‘flat’ aluminium sheets and flat super hydrophobic paper were also
used for benchmarking the Leidenfrost ring behaviour, in order to separate the contributing
factors towards droplet mixing. The ‘flat’ aluminium sheet was slightly curved to form a

shallow basin to prevent the droplets from moving (see figure 3.2).

Shallow basin

Figure 3.2 — Top view of the aluminium sheet with shallow basin; used to isolate thermally-

driven diffusive mixing from convective mixing on the Leidenfrost rings

3.2 Droplet Motion Study

3.2.1 Experimental Procedure

In Chapter 4, deionised water droplets with various volumes were used to study the
fundamental dynamics of the Leidenfrost self-propulsion on the ratcheted rings. The
ratcheted surface was heated by a hot plate (Bibby Sterilin, HC502). In order to ensure a full
Leidenfrost regime [77], droplet motion at temperatures of 300 °C, 350 °C, 400 °C and 450 °C

were tested. A thermocouple (Fisher Scientific; operating range: -200 to ~1370 °C) was used
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to measure the surface temperature prior to each experiment by contacting the thermocouple

with the surface. Experiments commenced after the surface temperature readings stabilised.

The droplets were deposited onto the surface using a micro-pipette. There is a ‘standard’
direction of self-propulsion on these ratcheted surfaces, defined as left to right relative to the
geometry in figure 3.1b (based on observations from the experiments and wider literature
[24, 42, 76, 116, 117]). Therefore, in this study the droplets were deposited so that they had
an initial negative velocity (moving from right to left in figure 3.1b). These droplets would then
rapidly decelerate, before coming to a stop, then accelerating in the ‘positive’ direction
(moving from left to right in figure 3.1b). This method ensured the removal of experimental
bias from the droplet acceleration measurements (preventing any uncontrolled and unwanted

initial ‘positive’ velocity).

The droplet motion was recorded using a high-speed camera that captured image sequences
with a 20 ms timestep interval. A stabilized light source (Fibreoptic Lightguides, model 21727)
was applied to ensure the brightness in each image was stable, which was found to be
important for the automatic image analysis. Droplet velocities (v), top-down contact areas
(A), droplet centre-of-mass, and droplet acceleration (a) were subsequently available from
the image analysis. ImageJ (Fiji) and a custom MATLAB program were used to automatically

detect the moving droplets by tracking the centre of mass.

3.2.2 Automatic Droplet Motion Detection

In Imagel) (Fiji) [118], two separate sequences of images were imported; one sequence
containing the moving droplet and one sequence with a ‘blank’ ring (no droplet), as shown in
sub-figures 3.3a and 3.3b. Both sequences were then cropped to remove the background,
leaving just the rings. The sequence without a moving droplet was then subtracted from the
sequence with a moving droplet using the inbuilt image calculator function, which removed
the pixels of the ring containing no droplets, leaving pure droplet data as shown in figure 3.3c.
These images were then converted to a greyscale 8-bit type, smoothed, and transformed to a
binary-type image as shown in figure 3.3d. Here, the droplet was now defined by the dark

pixels in the image. After this, the further image processing continued in MATLAB.
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(b)

a1
ey ®
T A\ N

@

Figure 3.3 — Image analysis sequence using Imagel (Fiji) (a-d) and MATLAB (e-i)

In MATLAB, the images were read as separate matrices where the droplet and the background
pixels were differentiated by their binary values (where 0 = droplet, 1 = background). The
custom programme (see Appendix A) started with the definition of a threshold filter to remove
the random noise from the droplet (observable in figure 3.3d). Here, the pixels around each
point (i,j) in the image matrix were analysed, where the total value of the pixels in a
predefined scanning area were summed and compared to a threshold value Th (the size of
this scanning area was tuned to best suit the particular image — e.g. 34x34 pixels were used in
Figure 3.4). If the total value was lower than Th, any dark pixels were considered to be noise
rather than the actual droplet. A 3x3 pixel filter matrix was subsequently defined around (i, j),

and any values in this filter were changed to be white (value of 1).

In a second pass, a smaller scanning matrix (e.g. 10x10 pixels) and a larger filter matrix (6x6
pixels) were applied to refine the removal of noise. This preserved nearly all of the pixels

corresponding to the droplet whilst eliminating the noise (figure 3.3e). The threshold values
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were defined through trial and error, with Th; = 31 and Th, = 15 often used for the two
filter passes in this research. This method was suitable because of the lower density of the

noisy dark points comparted to droplet pixels.

The dark points in the droplet then needed to be filled-in to remove the white space, as
observable in figure 3.5. The white space between any two dark points along a horizontal line
(e.g. point (i,) and point (i, G+ 30))) were first filled-in by defining a vector of dark points
between these two points. A similar function was applied in the vertical direction, which
resulted in a single filled-in region of dark points corresponding to the droplet (figure 3.3f). By
constraining the position of the two candidate points, errors caused by the ‘false’ point
connection would only occur when the droplet image appeared in the x- or y-axis. Besides,
the error connections were usually very small since the vectors were defined in a scale much

smaller than the frame size.

However, there was still some white-space left inside the droplets which needed to be
corrected. First, the boundary of the ring was added to the images based using the equation

for a circle (equation 3.1).
2

=)+ (o = () (3.1)

Here, (iy, jo) represents the centre of the ring and i,,4, is the maximum number of the row
in the image matrix. As shown in figure 3.3g, the white spaces could be labelled as separate
regions, from which the smaller regions were removed by defining a threshold value of area,
producing a near-complete outline of the droplet in that particular video frame (figure 3.3h).
This was deemed to be a valid solution because the droplet moved along the outer edge of
the rings due to the centripetal force. A similar approach of region separation was applied to
the dark points to remove the extra noise and produce the final isolated droplet after

removing the boundary (figure 3.3i).
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i
< ~

No

If sum(s,) < Th

Second filter

Figure 3.4 — Schematic procedure to filter noise according to the custom filter
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/
(i,j: G + 30)) = zeros
IF(i.)) = (0, No y,

i+15,7)=(0
Yes

(i: (i + 15),)) = zeros

Figure 3.5 — Schematic procedure to fill-in the droplet pixels

The motion of each droplet could then be automatically tracked via another custom
programme (Appendix B). Here, the angular motion of the droplet was tracked by the centre
of mass, which could be defined by 2D coordinates: B, (X,,, Y,,)- Specifically, the centre of mass
was calculated using equations 3.2 & 3.3, where n denotes the order of the image to be
processed, N, is the number of the dark points that represent the droplet in the n;, image
and (x;,y;) are a pair of coordinates of the i;; point in the droplet. For reference, figure 3.6
shows the centres of mass detected in two successive video frames, where the angle between

them defines the motion.
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Nn ]
X, = % (3.2)
Np
Yp = —Zi;,l L (33)
/" P1
+ +.
P, P,
0
(a) (b) (©)

Figure 3.6 — Automatic droplet detection via MATLAB; (a) and (b) show the droplet position
at times t, and t,. The corresponding centre of mass was detected at points P; and P,
respectively; (c) sketch of droplet trajectory (based on centre of mass); 8 is the angle (rad)

that the droplet rotated during this time

The droplet’s angular displacement (68,) between two successive images was calculated
according to the changed slope of the line OP, (see figure 3.6c), where O(x,, y) is the centre

of the ring (i.e. centre of the circular motion):

6, = tan~! % (3.4)

Here, k,, and k,,_; are the slopes of the line OB, and OP,,_;:
ke = ;’; — z(; (3.5)
e (3:6)

The angular velocity (w,,) of the droplet was then calculated as the ratio of the displaced

angles over time:

(3.7)
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Assuming the rotating droplet has a global angular velocity (w,,), equation 3.8 describes the
tangential speed of each smaller mass (e.g. the pixel point captured in the image. Here, 1; ,, is
the distance of the particle from the ring centre (calculated in equation 3.9).

Vi = Wylin (3.8)

Tin = \/(xi - xo)z + i — yo)z (3.9)

The total kinetic energy of the rotating droplet is integrated as the sum of the kinetic energy
of each smaller mass, yielding an expression in terms of the angular velocity by substituting

equations 3.8-3.9 to equation 3.10:

N 1 )
Eyp = z S (3.10)
i=1

Alternatively, the droplet kinetic energy is translationally expressed by

1
Evn = 5 MV (3.11)

where M and v, respectively denote the droplet mass and droplet velocity. Assuming each
smaller mass (i.e. each pixel point) has similar individual mass m;, which means M = Nm;, the

droplet linear velocity is expressed by equation 3.12 according to a classical energy balance.

_ JﬁMm—%V+m—%m

vy, N (3.12)
Accordingly, the effective radius of the droplet rotation is defined by equation 3.13a.
NG —x0)% + (i — ¥0)?
&:jxlul J° 4 ) .15

For a system with little difference of the distances r;,, (in respect to the order of magnitude
of 1 ,), the effective radius can be simply estimated by equation 3.13b. The suitability of either
method would be dependent of the application and the level of accuracy required. For
instance, if r; = [14,15,16,17,18,19], equations 3.13a and 3.13b yield R,=16.59 and R,,=16.50
respectively, with a difference of only 0.5%!

_ Iiv=1\/[(xi —x,)% + (Vi — ¥0)?]
B N

Ry

(3.13b)
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The top-down contact area of the droplet (4,,) was computed by calculating the total number
of pixels in the whole image, and calculating the fraction of the image taken up by the pixels
of the droplet (equation 3.14). The droplet pixels were detected using a threshold in the
programme (i.e. the dark points in figure 3.3i). Similarly, the total imaged ring area was
determined by counting the pixels that the ring image covered. In equation 3.14, i,,,, and
Jmax @re the maximum numbers of the row and column in the image matrix, representing the
length of the ring image in horizontal and vertical direction respectively. Technically, i,,qx

equals j,qx because the ring had a circular design. D is the actual outer diameter of the ring.

A N,
— = (3.14)

2 - . .
D lmax ]max

3.2.3 Programme Validation

(b) (©

Figure 3.7 — Manual droplet detection by ImageJ (Fiji); (a) and (b) show a droplet at two
different times; (c) sketch of the droplet’s trajectory according to the manual detection, 8' is

denoted as the displaced angle.

In Imagel (Fiji) the droplet was manually detected to validate the automated detection
programme described in Section 3.2.2. Figure 3.7a & 3.7b show two example images where
the droplet position was tracked by manually selecting the droplet’s centre of geometry
(denoted as Q,,(X;,, Y;)), while the top-down contact area was measured through the manual

outline of the droplet.

The droplet’s angular displacement (8,,) between two successive images was similarly

calculated according to the changed slope of the radius 0Q,;:

1 k‘)"l - k‘)l'l—l
1+ k,_1k;,
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Where k;, and k;,_, are the slopes of the radius 0Q,, and0Q,,_;:

_ Yﬁ_yo
Xrll_xo

ky, (3.16)

7;—1 — Yo
el = ——— 3.17
n-1 )(‘rll_1 _ xo ( )
The angular velocity (w,,) of the droplet was again calculated as the ratio of the displaced
angles over time (equation 3.18), with the corresponding linear velocity obtained by

multiplying this by the radius of the circular motion (equation 3.19).

6n
— 3.18
Wn t, — t, ( )
v, = Wy Ry, (3.19)
This radius was just the distance of 0Q:
Ry = 10Qn] = v (X7 = %) + (Y — ¥5)? (3.20)

The top-down contact area (4;,) was computed after the area scaling factor of the image was
set according to equation 3.21. The actual contact area (A;) was simply determined by

multiplying the droplet area in pixels by this scaling factor.

imaxjmax
'scale’ = 3.21
scale D D ( )

Examples of the results are plotted in figure 3.8, which shows there was an excellent
agreement between the manually and automatically detected results. Error analysis,
according to equations 3.22 & 3.23, quantified the similarity. Here, 77, and 774 are the
averaged relative errors of the velocity and area respectively.

v, — v,
100% X Z?%

Ty = " = (3.22)

100% X zy%
Ma = - . (3.23)

(a)
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Figure 3.8 — Programme Validation for Automatic Motion Analysis. Example for a water
droplet of 150 uL on ring design 4 at 400 °C; (a) droplet velocity trend with an average error
of -1.29% according to equation 3.22; (b) top-down contact area of the droplet with an

average error of 3.82% according to equation 3.23

3.3 Droplet Mixing Study

3.3.1 Experimental Procedure

A coloured dye was initially used to study the mixing efficiency by observing its spread within
large self-propelling deionised water slugs. This dye comprised a mixture of food colour (PME,
sky blue) with deionised water and had a density of p, = 3 g/L. Hence, the system is

homogeneous and all in the aqueous phase. Mixing was investigated by depositing a small
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dye droplet (60 uL) onto the ratcheted surface so that it would then collide with another larger
deionised water slug (volume of 600 uL to 1500 pL) already in motion on the ring. Both
droplets had similar relative velocities in each group of experiments. The Leidenfrost mixing
was studied at surface temperatures of 400 °C and 300 °C. A high-speed camera was used to
observe the mixing process with an 8-10 ms timestep sampling interval. A ring light (6.2 inch)
was set above the ratcheted ring to provide uniform illumination to minimise the influence on

colour detection (critical for properly observing the mixing times).

/TN
(c) 0.465 s

Figure 3.9 — An example of mixing process showing colour difference caused by the mixing

As shown in figure 3.9, the colour of the two droplets were notably different prior to collision
(figure 3.9a). The colour difference gradually diminished over time during mixing (figure 3.9b),
until the dye was completely mixed with the slug resulting in a homogeneous colour (figure
3.9¢). Here, the pixel values within the droplet had a significant deviation from the mean
colour at the start of collision, whereas little difference existed once mixing was complete.
Accordingly, the boundary of the droplet field was selected as the region of interest (ROI) and
the standard deviation (o) of the pixel values within this ROl was used to assess the mixing
process. The standard deviation would decrease during mixing then reach a minimum and
stabilise, indicating the end of the mixing process. A custom programme written by MATLAB

was developed to automatically detect the colour change.

Similar droplet mixing experiments were performed on a ‘flat’ aluminium surface and
hydrophobic paper for benchmarking. The ‘flat’ surface was placed on the hotplate and
heated to 400 °C to isolate the effect of thermally-driven diffusion. The mixing study on the

hydrophobic paper was performed at room temperature (~8-10 °C), and these results were
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used to isolate the effects of diffusion. The same custom programme for colour detection was

used for all surfaces.

3.3.2 Automatic Colour Detection

(a-7)

(a-iii)

(b-7) (b-ii) (b-iii)

(c-i) (c-if) (c-iii)

Figure 3.10 — Droplet colour/mixing detection using the RGB model| (a) Leidenfrost ring, (b)

planar aluminium sheet, (c) hydrophobic paper

The same droplet detection approach to the one reported in Section 3.2.2 was first used to
select the ROI for the colour detection analysis (figure 3.10a-7). This also used the binary image
format (where 0 = droplet, 1 = background). In the second phase of the analysis, a custom

image calculator was written in MATLAB which compared these binary images to the original
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ones using equation 3.24 (see Appendix C). Here, Io, I1 and I, are the matrices that represent
the original images (figure 3.10a-ii), the binary images (figure 3.10a-i) and the resulting images
(figure 3.10a-iii) respectively. Hence, the ROl in the coloured model in figure 3. 10a-iii would
reflect the internal mixing characteristics of the droplet.

L=1,—1,x1 (3.24)

1
Igray = § (Iz,red + IZ,green + 12,blue) (3-25)

As known, a specific colour can be expressed by an RGB colour model, which in turn aims to
reproduce the colour. The blue shades are consisted of a number of colour codes (not only
(0,0,255)). Therefore, it may be not sufficient to consider one blue channel in terms of the
colour difference. For simplicity, a simple grayscale matrix (/gray) Was defined according to
equation 3.25, in order to avoid individual analysis of the three colour matrices (red-/3 req,

green'lzlgreen, and blUE'/Z{blue).

The same ROI detection and RGB function was also applied to process the images from the
‘flat” aluminium surface and hydrophobic paper benchmarks (figure 3.10b & 3.10c
respectively). The processing time of these benchmarks was shorter because fewer images

were captured.

The standard deviation (o) of the grayscale image matrix captured the overall colour data
distribution in each image of the moving droplet [119]. In the custom calculator (Appendix C),
the pixel number within the ROl was represented as Ng4p, in the n. image. The
corresponding pixel value within the ROl was denoted as Dg.4p ; for the i, pixel. Therefore,

the standard deviation within the ROl in the n;; image was defined in equation 3.26.

N —_—\2
(55 (D445, — Do)
o, =

(3.26)
NSth
Here, Ds;qp is the mean of the counted pixel values within the ROI:
%, " Dstap
Dsap = = N l (3.27)
StdD
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3.3.3 Program Validation

In ImageJ (Fiji) [118], the ROI from the original images was manually outlined. The standard
deviation of the selected ROI was then directly measured in the grayscale image format
(equation 3.28). An example of the manually measured result is shown in figure 3.11, showing

a very close agreement with the automated analysis.

50
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Figure 3.11 — Validation of automated colour detection (droplet volume of 600 uL, ring 2,
surface temperature of 350 °C). In this example the automated programme differed from the

manually calculated standard deviation by just 0.75%

Quantitative error analysis (equation 3.28) further confirmed the efficiency of the programme.
Here, g, is the standard deviation calculated by the custom programme for the n;, image, o,
is the corresponding value measured by ImageJ (Fiji), and 71,,, is the averaged relative error
between analysed images.

o, — O
100% X Z?%

Mm = " = (3.28)

3.3.3 Mixing Time Definition

As expected, the standard deviation within the ROl was at a maximum when the droplets
initially merged, then the standard deviation decreased over time toward a steady state value
as mixing occurred (figure 3.12a). As seen in figure 3.12b, the dataset tracking only the blue

channel does not reflect much about the colour diffusion.
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Figure 3.12 — Curve fitting for droplet mixing data (large droplet volume of 400 ulL, dye
droplet volume of 60 ul, ring 1, surface temperature of 400 °C). (a) is a result of the data

analysis in grayscale matrix, and (b) records only the blue channel.

It was expected that the measured standard deviation of the colour should become constant
once mixing was complete. However, as shown in figure 3.12, the standard deviation value
fluctuated with a stable amplitude and frequency once it reached steady state due to
unavoidable brightness fluctuations produced by the light source in the high-speed camera
videos. To remove the influence of this behaviour, a simple curve fitting application in MATLAB
was applied (red line in figure 3.12, chosen 2-term exponential model). The mixing time, t,,,
was subsequently defined at the point where the standard deviation decreased by 95% from
its original value (equation 3.29) [120, 121]. Here, 0,4 and G,y are the maximum and

minimum values of the fitted curve.

0(tym) = Omax — 0.95 * (Opmax — Omin) (3.29)
Note, mixing was typically complete within only a few seconds (see figure 6.6 in Chapter 6),
but the droplet’s evaporation occurred on the order of minutes according to experimental
observations. This means that the mixing process occurred on a much faster timescale than
evaporation, so the data trends subsequently reported are unlikely to be influenced by droplet

evaporation effects.
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3.4 Chapter Summary

Leidenfrost self-propulsion and Leidenfrost mixing analysis were performed on four ratcheted
ring designs with different diameter, shape, and ratchet ratio (ratio of ratchet period to
ratchet height). A high-speed camera was used to record the motion of droplets and the dye
diffusion process as droplets collided. The effects of droplet volume and surface temperature
were studied, and benchmarked against planar surfaces. The numerous digital images were
processed through a custom programme written in MATLAB which automated the analysis of
droplet motion and colour detection. Comparing with the time-consuming manual analysis
performed in Image) (Fiji), the programme has an average error of no more than 5%. For the
droplet motion analysis, the programme could track the centre of mass of the droplets (to
define the angular velocity) and calculate the droplet’s top-down contact area. For the mixing
analysis, the standard deviation of the pixel values within the droplet area was isolated, and

used to define the mixing time.
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Chapter 4. Novel Analytical Model for the Leidenfrost Self-Propulsion

The origin for the Leidenfrost self-propulsion phenomenon has been debated [42, 79, 80] since
its first publication [24], and there has not yet been a first principles model description that
perfectly matches nor explains experimental observations. The viscous mechanism due to a
pressure-driven vapour flow appears to be the dominant phenomena behind droplet self-
propulsion [29, 42]. Some quantitative understanding of the motion has also been obtained
by neglecting liquid deformation by replacing the liquids with rigid Leidenfrost solids (e.g. dry
ice) [99]. Although this latter study provides a 3D description of the flow field, the error
between the experimental data and model predictions is still subject to further interpretation
because large errors are observable. Ultimately, the existence of a liquid droplet model is still
lacking, affecting the progress of potential applications of these Leidenfrost devices such as
their use as heat engines to generate electricity [31, 32] or as a new means to move and mix

liquids for flow chemistry [115].

In this chapter, a new analytical model that can be generalised to describe the self-propulsion
phenomenon for both solid and liquid Leidenfrost bodies is described. Herein, the liquid
deformation around the ratchets will be taken into account for the first time. A detailed force
analysis in response to the deformation has been performed in order to find a quantitative
description of the driving force. This new model supersedes the limited scaling analysis already
conducted in the literature [42] by revealing how the ratchet geometry influences the driving
force, showing the individual influence of droplet size, ratchet design, operating temperature
and liquid deformation on the dynamics of the motion. This new quantitative model can be
used to guide the construction of novel Leidenfrost devices for use as heat engines to generate

electricity, or for flow chemistry applications.

4.1 Dynamics for Propulsion

4.1.1 Analysis in a Model

First, a single groove with a width of 1 and height of € is considered (figure 4.1), where a
Cartesian coordinate system is set up with x parallel to the slope of the ratchet and y
perpendicular to the slope. In this cross-sectional view, C represents the lowest point of liquid
within each ratchet, which divides the deformation into two parts. Arc AC follows the slope of

the ratchet and is responsible for producing the directed vapor flow that drags the droplet.
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Arc BC hangs over the vertical step of the ratchet; the evaporated vapor mainly flows
downwards then into and out of the plane of the diagram [24, 42]. C; & C, are used to

describe the resulting proportions of AC & BC, since C can fall anywhere between A and B.

Figure 4.1 — Sketch of a single ratchet period. The droplet sits a distance of h, above the
ratchet. The droplet has two deformed angles of § and 6. The ratchet has a period of A and
depth of €. The ratchet period changes from the inner edge (A;) to the outer edge (1,) whilst

the ratchet height () is fixed.

The depth of the deformed droplet (see ¢ in figure 4.1) is ~0.6 mm. This is larger than the
ratchet height (&), so it can be assumed that the deformed arc AC closely approaches the
ratchet slope. The underlying reason for ¢ < ¢ results from a balance between the

hydrodynamic pressure (p, gH,) and the Laplace pressure (y¢/(m(1/2)?)) [100].

The main forces acting on the droplet are also shown in figure 4.1. F; ; and F; , are the forces
exerted perpendicular to the lines AC and BC respectively as the vapour is expelled from the
droplet. The weight force acting downward due to gravity is simply m;g. The driving force

produced by the rectified vapour flow is Ff ;, which will be described by this new model.

The pressure-driven vapour flow along the line AC behaves as a Poiseuille flow in a channel
[24, 30, 42]. It is assumed to be incompressible with constant density p,, and viscosity i, and
the velocity distribution of the vapour flow is described by Navier-Stokes equations at steady
state (where only the x direction is considered). Additionally, gravity also plays a partial effect
with g, = gsina and g,, = —g cosa. The continuity equation, and the x and y direction

momentum balances for the vapour flow are shown in equations 4.1 to 4.3 respectively:

ou,
d0x

=0 (4.1)

50



oP 0%u,

dP
@ = PvYy (4.3)

Equation 4.1 implies that the vapour velocity does not vary in the x-direction. Therefore,

0%u,/ dy? in equation 4.2 is a function of y only. Integrating equation 4.3 gives P =

—pygcosay + g(x), which then implies that dP/dx is a function of x only. Therefore,

equation 4.2 can be integrated twice with respect to u, and y to give [103]:

1 (0P
(

v pvgx) yi+ oy +c (4.4)

0x

Here, c; and ¢, are both constants of integration, which can be found by applying the no-slip
boundary condition at both y = h, (the thickness of the vapour layer) and y = 0 (at the
ratchet surface) (see figure 4.1); i.e. the two boundary conditions are u, = 0 aty = 0 and
u, =vaty=h,.

v

1 <6P
h,

a_ pvgx) (yz — hoy) +

(4.5)
To derive an expression for dP /dx, it is assumed that the pressure around point Cis close to
atmospheric pressure since the system is open. Therefore, the overpressure AP that induces
the directed vapour flow is generated by the supporting force from the slope as shown in

equation 4.6 [122].

Ap =L (4.6)

Where 4; ; is the effective contact area of the deformed liquid lying on the slope of the
ratchet, given by w; ;C;4/ cos 5. Here, w; ; is the width of the droplet into and out of the

plane shown in figure 4.1.
Equations 4.7a and 4.8a show the force balances in the vertical and horizontal directions. The

driving force due to the rectified vapour flow, Fr; can be neglected considering its low value

as measured experimentally. For example, a droplet of 30 uL weighs ~300 uN while its net
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driving force is only ~17 pN [79]. Equations 4.7b and 4.8b subsequently show the force

balances when F; ; is neglected.

(vertical) FiycosfB + F;;cos0 =m;g + Fp;sinf (4.7a)
Fiicosp + F;cos0 = m;g (4.7b)

(horizontal) Fiisinf + Fy;cosB = F;,sin6 (4.8a)
Fiisinf ~ F;,sin6 (4.8b)

Here, m; represents the part of the mass of the droplet within each single groove. Equations
4.7b and 4.8b can be combined to give:

F m;g sin 6 m;g sin 6

B (cos B sinf +sinB cosB)  sin(6 + pB)

(4.9)

The pressure gradient dP /dx acts between points A and Cin figure 4.1. The distance between
these points is simply C;4/ cos [ by Pythagoras. Therefore, the pressure difference can be

approximated as follows:

dpP AP F; 4 m;g sin 6
=M (4.10)
dx Ax A;1Ax in(6 + )<Wi,1C1/1)( CiA )

sin F cosf ) \cosf

Substituting this into equation 4.5 gives the vapour velocity as a function of the vertical
distance away from the ratchet, which also depends on the liquid/vapour properties (6, £,
mj, py, and Cy), ratchet geometry parameters (w; ;, 4, and a) and gravity (g).

1 ( m; g sin @ cos? B

v
T 2u w; 1CEA2 sin(0 + B) h,

ho

Uy + pyg sin a> (hyy —y%) + (4.11)

As shown in figure 4.1, there is a no-slip boundary condition between the rectified vapour flow
and the droplet. Therefore, the corresponding driving force within each groove, Fy, is the

result of the shear force at the boundary, where y = h,:

F duxA
fi= TH— Ay
dy y=he
hy, (m;gsinfcosf p,gw; C;Asina v w; 164
=0 : : —p——L (4.12)
2 \ C;Asin(6 + pB) cosf h, cospf

The deformed angles 8 & 8 in equation 4.12 are both related to the height of the deformed

triangle ABC (see ¢ in figure 4.2), implying that:
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CiAhtanf = C,Atan 6 (4.13)

The proportions of the C; and C, in equation 4.13 are simply related according to:

Fi;

n;ig
Figure 4.2 — Sketch of a single ratchet period; the droplet sits a distance of h, above the

ratchet. The ratchet has a period of A and depth of €. S is the solid ratchet, L is the levitating

droplet and G is gas.

Substitution of equation 4.14 into equation 4.13 gives equation 4.15, that itself can be

rearranged to equation 4.16.

CiAtanf = (1 —C;)Atan 6 (4.15)
sinf cos
= 4.1
17 sin(6 + B) (4.16)

Applying this result enables the complex geometric terms in equation 4.12 to be simplified

into a more practical/convenient expression:

_gh (mj sinasine) uAd; siné

F.. A _
re= 2\ Py "sin(8 + B) h, sin(0+ﬁ)v

(4.17)

Here it is assumed that the width of the droplet (w; ;) is constant, so that 4; (the apparent

contact area when looking down on the droplet) is given by 4; = w; 1 4.
It is only the horizontal component of Ff; that contributes to the forward motion of the

droplet, giving an effective driving force of F;; cos § within each single ratchet. Therefore, the

total driving force for the whole droplet is expressed as Fy = D Fy; cos B (the sum refers to
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the sume of each individual ratchet covered by the droplet)./ Applying this then gives a total

driving force of:

gh, (M sina sin ) UA sin 8 cos 8
= cos

Fy 2 \1 oA sin(@ + B) ~ h, sin(6 + B) v

(4.18)

where M is the total mass of the droplet and A is the total area of the droplet as viewed from
above. The contact area A can either be measured experimentally or approximated for large
droplets by considering the ratio of the volume to height V/H; and assuming that H; will

remain constant [15, 65] (see Chapter 5).

In equation 4.18, the sine functions can be replaced by corresponding length functions which
provides more intuitive meaning. In figure 4.2, [; & [, are used to represent the lengths of the
two deformed sides. According to the Ilaw of sines it follows that
l,/sin@ = A/sin(mw — [6 + B]), meaning sin 8/sin(6 + B) = l;/A. Hence, the second term
pyAsinasin8/sin(6 + B) is no more than p,A(l;/1), where p, is 0.42 kg/m3 at 250 °C
(physical properties taken at the average temperature of the surface temperature and the
droplet temperature). The first term M /A is around 4 orders of magnitude larger considering
py. is ~10° kg/m?3 at its boiling point, and H;, ~4-5 mm and A ~1 mm. The strict inequalities
suggest that the gravity term in equation 4.18 has nearly zero impact on the dynamic process.

Equation 4.18 then simplifies to just:
__ Mgh,cosf  pAly
- 21 h,A

Ff vcosf (4.19)

The velocity term in equation 4.19 is to be considered as follows. When the surface
temperature is ~400 °C, the droplet’s temperature is ~100 °C, and the temperature of the
vapour flow is taken as 250 °C (an average of the two). The corresponding vapour viscosity
and thickness at this temperature are u ~1.82 x 10° Pa s and h, ~100 um respectively [15,
79], and the ratchet period A is ~1 mm. Experimentally, the ultimate droplet velocity v is no

more than 0.4 m/s.

For a 30 pL droplet with corresponding contact area (4) of ~15.4 mm?, the driving force due
to the mass term in equation 4.19 is 15 uN, whereas the velocity term is only 0.8 uN. Similarly,
for a larger droplet of 580 pL volume (A ~135.6 mm?), experimentally the mass-term in

equation 4.19 is 270 uN whereas the velocity term is 7.4 uN. Accordingly, the velocity term in
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equation 4.19 is negligible, so the equation can be even further simplifies to equation 4.20,
which is the same scaled expression derived for a rigid solid [42], but importantly, now derived

entirely from first principles:

Mgh, cosf
Fr=——797— 4.20
¥ 27 (4.20)
To avoid measuring h, experimentally, a simple mass balance is considered. First, the mass
lost from the droplet over time is equal to the heat transfer rate across the vapour film
(described by Fourier’s law [79]) divided by the specific latent heat (equation 4.21). The mass
lost from the droplet is also equal and opposite to the vapour mass flow rate, which is given

by equation 4.22 below.
am;, _ kAT

Prk L_Lh_Ai'l (4.21)
0
dmjll -
dt —PyUxWi1ho (4.22)

Here, k is the thermal conductivity of the vapour, L; is the specific latent heat of evaporation,
AT is the temperature difference between the base of the droplet and the ratchet surface,

and u, is defined as the weighted-average flow velocity expressed as:

1 [ho
Uy —J u,dy (4.23)
ho Jo
Combining equation 4.11 with equations 4.21-4.23 gives the thickness of the vapour flow
(which assumes that the ‘vy/h,’ term in equation 4.11 is negligible as discussed above):
1 11
h, = C(T)4(@)2A2 (4.24a)

A; sin? 0

= 4.24
m; sin?(0 + B) + p,A;Asinasin 0 sin(6 + ) (4.24b)

N

The C(T) term (= 12uxAT /p,gL;) describes the temperature-dependent properties of the
vapour flow. The same simplifying assumptions made to equation 4.17 is applied to equation

4.24, leading to:

1
Asin? 6 )Z 1

h, = C(T)% <M o) (4.25)
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Substituting equation 4.25 into equation 4.20 gives the driving force:

1

1
Mg 1 1 /A\% (sin @ cos? §\2
= 720 (i) (m) (4.26)

For large droplets with a constant droplet height, the mass can be approximated by
M = p;H;A. The corresponding expression for droplet acceleration is simply obtained from

F = Ma:

1

1
g1 1 /A\% (sin @ cos? B2
a =54 2C(T) (M) (w—+5>) (4:27)

Since the curve AC closely follows the shape of the slope of the ratchet, it is proposed that
@ ~C; € according to similar triangles (triangles AEC and ABF, see figure 4.3), from which a
slightly alternative expression for the driving force and acceleration is arrived as shown in

equations 4.28 and 4.29:

F, ClMgCTlA% - % 4.28
= 2 — 4 | —
F ()(M) (/12+32) (4.28)
1 1
ClgCTlAZ - : 4.29
= 2 — 4 | —
a=cz 3¢ (i) (750) (+29)

Figure 4.3 — Sketch of the geometry distribution based on deformation analysis

Due to liquid deformation, surface tension acts along the curved liquid-vapour interface and
produces a force of fydl acting parallel to the interface. Here, y represents the surface
tension and dl refers to a small segment of the length of the curved liquid-vapour interface.
The horizontal component of the force generated along arc BC will be balanced by the
horizontal component of the surface tension force generated along arc AC. There will also be

a net vertical component to this force, which can be defined with respect to either arc AC or
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arc BC. For example, the vertical force component of the surface tension acting along the arc
BC can be expressed as [ sin @ ydl,, where [, refers to the length along the liquid-vapour
interface between points B and C. Assuming that the surface tension is constant, this
integrates to give a vertical force of yp (where ¢ = [ sin 8 dl, based on simple trigonometry;
see figure 4.3). If assuming that the BC arc is approximately circular, then the effective cross-
sectional area of the droplet is 0.5m(C,1)? (i.e. approximately half the area of a circle — 2,
where r = (C,A). By dividing the vertical force component by this area, the Laplace pressure
induced by the surface tension is calculated. This Laplace pressure will then oppose the
droplet’s hydrostatic pressure (p,gH,) and dynamic pressure (1/2p,v?) according to
equation 4.30. From this equation, the values of C, and C; (=1 — C,) can be predicted

without the need for any empirical observation.

pLv? Yo

2 051(CyA)2

pLgHL + (4.30)
For example, the droplet velocity is v ~0-0.4 m/s according to the experiments in this thesis.
Thus, for a ratchet with A ~1 mm and € ~0.5 mm (where H;, =5 mm [15, 65] and ¢ ~C;¢ as
already mentioned), it is predicted that C; ~0.46-0.62. The deformed proportion then

increases to C; ~0.59-0.72 when the ratchet ratio increasesto 4 : € =1.5 mm : 0.5 mm.

Equations 4.28 and 4.29 suggest that the driving force and acceleration are not only
dependent on droplet radius/height as the model suggested for a solid Leidenfrost body [42,
79], but also on the ratchet geometry, the surface temperature, and the liquid deformation
into the grooves of the ratchets. In practice though, both the driving force and acceleration
are insensitive to the droplet height and temperature, because C(T)*/* and (4/M)/* will
remain relatively constant over a large temperature range (100’s °C) (which will be described
in Chapter 5). Therefore, on a ratcheted surface, the driving force should be a function of the
droplet radius R alone, with an exponent of ~2 (which comes from replacing the first term in
equation 4.28 with M = p,mR?H, , applying to large droplets with a flattened shape).
Following this, the model predicts that the acceleration will be similar for droplets with
different volumes. The model is also internally consistent. For instance, if the deformed
angles, 8 and (3, are set to 0, then equation 4.26 collapses to the form of equation 4.20, which

is the same model derived for rigid non-deformable models (such as a disc of dry ice) [42].
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4.1.2 Reynolds Number Justification
The model derived from dynamics study (Section 4.1.1) starts with an assumption of Poiseuille
flow, for which the Reynolds number needs to be justified:

Uh
Re = p”u" 2 (4.31)

The average velocity u, has been defined in equation 4.23. Applying the same analysis done
in equation 4.18, the gravity and velocity terms of equation 4.23 can be ignored, yielding
equation 4.32:
___ hi mg cosp
Y T 10 A TG

(4.32)

According to Linke et al. [24], the deformation proportion of C; is no less than 0.5, in line with
the experimental observations in this work (see Section 5.1.4 in Chapter 5). Herein, the
average velocity has the maximum value given when f = 0 and C; = 0.5:
hs m;g
Uy < ——— 4.33
Applying m; = p; A;H; for large droplets flattened by gravity, equation 4.34 is further
simplified:

h(z) pLHLg
Uy < —-

6u A

(4.34)

Substituting equation 4.34 into 4.31 then gives an expression for the maximum Reynolds

number:

Re < pvpLHLghS
6u*A

(4.35)
For a rough estimate of the Reynolds number, the physical properties of the vapour flow at
the relevant experiment temperatures can be used. For instance, for a surface temperature
of ~300 °C, the vapour film will be at ~200 °C (an average of the solid and the liquid). The
physical properties are consequently: p;, ~1000 kg/m?3, p, ~0.46 kg/m3 and u,, ~1.6 X 107>
Pa.s respectively. The length scales in this research imply A ~1 mm, h, ~100 um [15, 79] and

H; ~5 mm [15], giving Re < 15 according to equation 4.35 which confirms a strong laminar
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characteristic for the directed vapour flow. If the solid surface instead has a temperature of
~ 400 °C, the vapour film density will be p, ~0.42 kg/m? and the viscosity will be
U, ~1.82x 10 Pa.s, yielding a Reynolds number as low as Re < 10.6. Therefore, the Reynolds
number calculation suggests a laminar vapour flow over the range of several hundred °C,

justifying the Poiseuille flow assumption.

4.1.3 Model Validation using Literature Data

A simple validation of the driving force model can be performed by using data already
published in the literature [79]. The model in equation 4.28 predicts that the driving force
should be proportional to the droplet radius to the power of 2. Figure 4.4 confirms that the
gradient of the droplet radius vs measured force data is 1.78 £+ 0.24, which matches the

prediction within experimental error.
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Figure 4.4 — Measured driving force from literature [79]

4.2 Terminal Velocity Prediction

Extension of the new driving force model (equation 4.28) will help derive a model for the
terminal velocity when it is combined with a suitable friction model from the literature [100].
As discussed in the literature review, the self-propelling droplet experiences most of its
friction from the ratchet cavities. Specifically, the friction results from the loss of kinetic energy

when the deformed droplet collides with the steps and the potential energy barriers from

59



Chapter 4 Novel Analytical Model for the Leidenfrost Self-Propulsion

these ratchets. The deformation theory further quantifies the volume of the deformed liquid
scaling as Ag, indicating a loss of kinetic energy of ~p, Apv? when the droplet travels a
distance of 1, together with an energy loss of ~p,gA@? due to the potential barriers.

Therefore, the friction force is approximately evaluated according to equation 4.36a:

2

Q %
F, = d,p, Av? 7 + dszgAT (4.36a)
Fb = dlpLszf (4‘36b)

A

Here, d; & d, are numerical coefficients that have the same order of magnitude according to
Dupeux et al [100]. The other parameters in equation 4.36a imply that only the first term

dominates the friction, given that the droplet has a terminal velocity of 0.1-0.4 m/s.

When the droplet reaches its terminal velocity, the driving force (equation 4.28) should be
balanced by the friction (equation 4.36b). Equating these expressions enables a model for the
terminal velocity to be derived as shown in equation 4.37, where the geometry relations of

@ = Cieand M = p; AH; have been used:

1 1

v=a () () () i) (437

Equation 4.37 suggests that the terminal velocity is mainly influenced by the ratchet design

o<l 12

(Cy, A & €). In particular, the ratchet ratio (1/¢) takes a dominant role, and should be nearly

independent of the surface temperature (C(T)) and droplet size (H;) as already discussed.

4.3 Chapter Summary

A new analytical model that describes the dynamics of the self-propelling droplets has been
derived from first principles. This new analytical model identifies four influencing parameters:
liquid deformation, surface temperature, droplet size and ratchet geometric parameters. The
importance of the liquid deformation and the ratchet parameters is included for the first time,
which is the key novelty of this model. The model is validated through a combination of
literature data and justified assumptions (e.g. Reynolds number scale). In conjunction with the
previous friction analysis reported in the literature, a new terminal velocity model is further

developed, which provides some instruction for designing an optimized ratchet configuration.
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The model predicts that the ratchet ratio in particular plays a dominant role in determining

the droplet’s terminal velocity.
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Chapter 5. Experimental Observations of Leidenfrost Droplets on Ratcheted

Rings

In this chapter, the experimental results of the Leidenfrost self-propulsion phenomenon will
be summarised and compared with the model developed in Chapter 4. The variables
considered are droplet volume, surface temperature and ring design/configuration. The
chapter starts by first considering the physical shapes of the self-propelling droplets in order
to attain a basic understanding of their behaviour. This includes a quantitative description of
the droplet height, droplet width and droplet deformation due to the ratchet topology. Then,
the dynamics of self-propulsion are considered in the form of terminal velocity and
acceleration, which are subsequently used to validate the predictions of the model derived in
Chapter 4. Finally, a brief discussion of the energy conversion efficiency of this phenomenon

is conducted.

5.1 Shapes of Self-Propelling Droplets

5.1.1 Modified Ring

A modified ring holder with an integrated viewing window was manufactured that enabled
the droplet deformation at the presence of the ratchets to be imaged with a microscopic lens
(Figure 5.1). The window was positioned at a height of h,, = 23 mm above the base of the
ring, and had a length and width of [, = 5 mm and w,, = 4 mm respectively. The distance of
the ratchet tips to the window’s bottom is Ah = 2 mm. These dimensions minimised the

disturbance to the droplets as they transited across this viewing window.

wW
o
A4

Figure 5.1 — Design of the side-viewing window, allowing for the observation of droplet

deformation



Chapter 5 Experimental Observation of Leidenfrost Droplets on Ratcheted Rings

5.1.2 Droplet Height

As already described by Quéré [65], a large Leidenfrost droplet on a flat surface will be
flattened by gravity. On a ratcheted surface the total energy of a flattened droplet is the sum
of the gravitational, kinetic and surface tension effects, as described in equation 5.1a. Here,
A’ is the side-view contact area and w is the width of the droplet (normal to the direction of
motion). The surface energy term includes contributions from both the top-down and side-
view interfaces since both are curved in this system. Equation 5.1a can be rewritten as
equation 5.1b for a constant droplet volume, where V = AH;, = A'w. If the energy is

minimised with respect to the droplet height (equation 5.2), the solution predicts a constant

droplet height of H;, = 2,/¥/p.g, which is around 5 mm for water [15, 65].

H? 1
E =p,Ag > + E'DLAIWUZ +2y(A+ 4" (5.1a)
1 1 VoV
E = EpLgHLV-FE,DLVU + 2]/ (H—L‘l‘;) (Slb)
9E 1 20V
oH, - SPLgV — HE 0 (5.2)

Experimental measurements of the droplet height are shown in figure 5.2, which were
approximated as the ratio of the droplet volume (controlled variable) to the corresponding
top-down contact area (measured through image analysis): H;, = V /A. Figure 5.2a shows that
the height of regularly shaped droplets on ring designs 2, 3 and 4 gradually plateaus as the
volume increases, and indeed approaches the value of 5 mm predicted by equation 5.2.
Similarly, Figure 5.2b shows that the heights of irregular droplets on ring design 1 also plateau,
but appear to be slightly flatter at the same volume. This was because these irregular droplets
had a larger top-down contact area due to an enhanced shear force (see 5.1.3 for clarification).
Empirical correlations of the droplet height (H; ) were created based on these volume-contact
area measurements. These correlations describe the droplet height as a function of droplet
volume, which were obtained by a simple regression analysis. The regular droplets are
described by equation 5.3 (plotted as line in figure 5.2a, where R? = 83%), whilst a separate
correlation was defined for the irregular droplets in equation 5.4 (plotted as line in figure 5.2b,
where R? = 98%)).

H, =0.001-1.34(V — 21.9)%161 (5.3)

H, = 0.001-1.50(V — 25.5)%110 (5.4)
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Figure 5.2 — Droplet height plotted as a function of volume. The solid (red) line is fitted by
Origin®; (a) reqularly-shaped droplets on ring designs 2, 3 and 4, (b) irreqularly-shape

droplets on ring design 1

5.1.3 Droplet Width

Small droplets (defined by volumes smaller than ~300 pL) were initially observed to be
circular after being deposited onto the rings as shown in figure 5.3 a-i. Larger droplets
however were constrained by the width of the channel (W = 10 mm), which caused them to
become slightly distorted and elongated as shown in figure 5.4 b-i. As the droplets accelerated
they all tended to spread in the direction of self-propulsion in accordance with the direction
of the shear force generated beneath the droplet (see Chapter 4). This was then accompanied
by a decrease in the droplet width due to a combination of conservation of mass, and an
increase of the centripetal force as the velocity increased (see figures 5.3 and 5.4). In particular,
on ring design 1 the high driving force caused the droplets to become elongated and flattened
during the initial acceleration period resulting in irregular shapes (figures 5.5 (c-i)—(c-iii). Here,
the top-down contact area was increased resulting in the smaller droplet heights shown in
figure 5.2b. The droplet shape then became regular after a short time period under the action

of surface tension (figures 5.5 (c-iv)—(c-vi)).
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(a-i) (a-ii) (a-iif)

Figure 5.3 — A small ~300 ulL droplet is observed to be initially circular. Example on ring 4

@

(b-ii) (b-iii)

Figure 5.4 — A larger ~600 uL droplet is slightly elongated since it fills the entire channel.

Example on ring 4

(c-ii) (c-ii)

(c-iv) (c-v) (c-vi)
Figure 5.5 — A ~600 uL droplet on ring design 1 with an initial irregular shape due to an
enhanced shear force, which is then gradually overcome by surface tension restoring it to a

more regular size/shape
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Experimental measurements of the droplet width were subsequently performed using
equation 5.5. Here, R,, is the effective radius of the droplet’s circular motion (measured by
the custom programme described in Section 3.2), and R,. is the radius of the ring (R,- = D, /2).
Figure 5.6 shows an example of the droplet width measured over time; surface tension acts

to resist the applied forces to the droplet, resulting in the width plateauing over time.

Wen = 2(R, — Ry) (5.5)
11
repeat 1
*  repeat 2
10 E: 5 - repeat 3
r*\‘j:. '.\ ;._” 1 repeat 4
o b2 ropeat
[~ 5 oS

Droplet width, w {mm)
Qo
T

15

Time (s)

Figure 5.6 — Droplet width measurement. Example for a water droplet with a 1300 uL volume

on ring design 4 at a surface temperature of 400 °C

An expression for the terminal droplet width can be obtained by minimising the total energy
in equation 5.1b with respect to the droplet width (see equation 5.6). Equation 5.8 defines the
droplet width as a negative in this system because the flattened direction of the droplet width
represents the increase of the radius of the circular motion. Substitution of equations 5.7 and
5.8 into equation 5.6 leads to the solution in equation 5.9 (for more deviation steps, see

Appendix D). Equation 5.9 implies that the droplet width is expected to plateau.
0E v 2yV

ﬁszVv%—F— 0 (56)
v = wR, (5.7)
w=2(R,, — R,) (5.8)

2yD
w= [ (5.9)

pLv
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The measured terminal droplet widths on all four ring designs are summarized in figure 5.7,
showing no dependence of the droplet volume as predicted by equation 5.9, and the results
to be described later in figure 5.11 (terminal velocity became independent of the volume).
Equation 5.9 is also plotted in figure 5.7, showing a close agreement with the experimental
data. Here, liquid properties at the boiling point were used in the model (y ~59 mN/m and
pL ~960 kg/m3) [65, 79]. The largest deviation occurred for ring design 1, and it is speculated
that the large driving force on ring design 1 accounted for the decreased droplet width
measurements from the experiments as already discussed. Note, the model for ring design 3
actually predicted w ~13.7 mm, which exceeds the annular thickness of the ring (W = 10

mm), so this was just plotted at 10 mm.
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Figure 5.7 — Terminal droplet width prediction using the model in equation 5.9

5.1.4 Droplet Deformation

Under film boiling conditions on a flat surface, a vapour pocket will become trapped beneath
the droplet making it unstable [65]. In contrast, the ratcheted texture of the rings enables this
vapour to escape laterally within the grooves which improves the stability of the droplets.
Droplet deformation at the presence of the ratchet topology is a result of a weight force
causing the droplet to follow the topology, and surface tension that acts to restore a spherical

shape. These effects are described in equations 4.30.
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Figure 5.8 shows the deformation observed using the modified ring mentioned in 5.1.1. Figure
5.8a corresponds to ring design 1 with triangular shaped ratchets, whilst figure 5.8b
corresponds to ring design 2 with trapezium shaped ratchets (with 4, , ~ €). On the triangular
ratchets, the period (A1,) is apparently larger than the ratchet height (&), and the deformation
proportion length was found to be C; ~0.67 (see figure 4.1 for reference). Alternatively, on
the trapezium shaped ratchets, it was found that C; ~0.5 where the ratchets were
narrow/deep. Using equation 4.30, the deformation length C; for the four rings are predicted
to be 0.50, 0.46, 0.78 and 0.40 respectively. If the dynamic pressure is included, these then
increase to 0.66, 0.63, 0.83 and 0.57 respectively. These predictions are mostly in the range

of the experimental observations.

(a-i)

(a-iii)

Figure 5.8 — Microscope images showing liquid deformation on ratcheted substrates at

various times: (a) A, > €, and (b) A, ,~¢

5.1.5 Volume Calibration

As described in Section 3.1.2, the self-propulsion phenomenon was studied from the point
where the droplet began its positive motion following its injection into the ring. Because the
droplets evaporate (slowly) over time, a simple calibration of the volume against the
measurable top-down contact area was performed to confirm that the measured acceleration
of the droplets was accurate. l.e. if the droplet took a long time to decelerate upon injection
into the ring, the volume might have decreased enough to influence its acceleration, causing
a deviation from the model. A solution to the problem was to simply calibrate the volume by
manually measuring the initial contact areas of Leidenfrost droplets at different volumes as

shown in figure 5.9. A linear correlation was observed for volumes > 200 pL, where the
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droplets exhibited a stable height as they were flattened through a combination of gravity and
surface tension. This calibration also showed that the droplet height and contact area
remained constant across a broad range of different experiment conditions (e.g. movement

direction, ratchet surface geometry, and operating temperature).

400
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Figure 5.9 — Volume-contact area calibrations. The calibration was repeated on a heated
ratcheted surface for different directions of motion, at different surface temperatures and for
different diameter rings, showing that the calibration can be used at all conditions required

for the self-propulsion study

5.2 Dynamics

5.2.1 Droplet Velocity

Figure 5.8a shows a typical example of the self-propelling velocity obtained from processing
the high-speed camera videos using the custom programme described in Section 3.2. The
velocity profile follows the typical trend observed in the literature [24]. It is assumed that the
friction is zero during the initial period of acceleration, because the loss of kinetic energy is
very small at such small velocities [100]. The droplet accelerates until steady state is achieved,
where the driving force is matched by friction, resulting in a terminal velocity. The initial slope
of this profile therefore corresponds to the acceleration caused by the driving force (a, figure
5.10a). The contact area measurement in figure 5.10b confirms that the droplet evaporation

is negligible in the first few seconds.
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Figure 5.10 — Droplet velocity and top-down contact area measurement. Example
corresponds to a water droplet 60 uL volume on ring design 4, at a surface temperature of

400 °C
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Figure 5.11 — Terminal velocity measurement; (a) data from all four ring designs at a surface

temperature of 400 °C, (b) data from ring design 4 at different surface temperatures

Figure 5.11a plots the terminal velocities against the corresponding droplet volumes. Each
condition was run at least in triplicate, so each data point represents an average value where
the error bars (representing the random error) were taken as the standard deviation. It can
be seen that the terminal droplet velocities initially increased as the droplet volume increased,
and then plateaued at ~0.39 m/s. Previous studies found a maximum velocity of ~0.35 m/s

for a small droplet (40 pL), whereas the values decreased to 0.18-0.25 m/s when the volume
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increased to 600 plL [76, 84, 123]. However, these literature values may not represent the true
terminal velocity. According to the experiments presented in this thesis, a total travel distance
of ~242 mm was necessary for a 50 pL droplet to reach its terminal velocity (~0.30 m/s),
whilst a displacement of ~358 mm was needed for a 385 pL droplet (~0.38 m/s). This is much
longer than the plates used by Arter et al. [123] and Dodd et al. [84]. Therefore, one of the
advantages of the annular ring design used in this research is droplets over a wider range of
volumes are able to be propelled to their terminal velocity, where the effects of the ratchet
design parameters (which heavily influence the terminal velocity according to equation 4.37)
can then be elucidated. Overall, figure 5.11a and 5.11b indicate that the terminal velocities
are dependent on the ratchet design and independent of the surface temperature, in line with

the model prediction in equation 4.37.

As the model in equation 4.37 describes, the terminal velocity for a particular ring design is

mainly influenced by the droplet height term (H,°37°

). According to the droplet height study
in Section 5.1.2, large droplets tended to plateau at around 5 mm, which then explains why

the terminal velocity also plateaued for large droplet volumes.

To further understand the terminal velocities, the numerical friction coefficient d; (from
equation 4.36b) is considered. Here, d; can be estimated by a simple force balance:
Fy = F, = Ma, where a is the measured acceleration, M is the droplet mass, and F; is shown
in equation 4.36b. Table 5.1 summarises the friction coefficients obtained by averaging the
results of several large droplets (~300-1500 pL), where only ring design 1 and 3 with triangular
ratchets were considered. The measurement on ring design 1 closely matches the
measurement from the literature [100]. Ring designs 3 has a larger deviation, which may be

explained by the apparent difference of its ratchet period (see table 3.1).

Table 5.1 — Measured numerical coefficient for droplet’s friction analysis

Dupeux et al. [100] Ring 1 Ring 3

Cidq 0.029+0.007 0.02540.003 0.069+0.005

5.2.3 Droplet Motion and Model Validation
Droplet acceleration caused by the shear stress induced driving force was measured by

studying the velocity profiles of the droplets over time, as already illustrated in figure 5.8a.
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Figures 5.12, 5.13, 5.15 and 5.16 compare the measured acceleration against the model
prediction for all four ring designs, which shows a good general agreement. In figures 5.12,
5.13, 5.15 and 5.16, the empirical droplet height models in equations 5.2 and 5.3 were used
to replace the (A/M)l/4 terms in equation 4.29. Though the deformation distribution was
experimentally analysed according to figure 5.8, the model was nevertheless plotted with the
predicted values of C; to demonstrate the validity of the first-principles analysis. For reference,
the model was also plotted with § = 0 and 8 = 0 (equating to a non-deformable body such
as a dry ice disc) to further emphasise the role of liquid deformation on the dynamics. In
summary, it can indeed be seen that the droplet deformation noticeably impacts the model

prediction, clearly demonstrating the novelty of the model work in practice.
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Figure 5.12 — Droplet acceleration on ring design 1. Experiments were run at surface
temperature of 400 °C. Horizontal error bars come from the volume calibration. Each line

represents a different plot of the model

Individually, the largest deviation between experimental data and model occurred for ring
design 1 (figure 5.12), and it is speculated that the elongation effect observed in figure 5.5c
might account for this behaviour. I.e. the droplets initially spread out in the direction of motion
causing them to flatten and increase their contact area, thus increasing the surface energy.
The surface tension takes a dominant role in maintaining a stable droplet height since the
shear force only acts beneath the droplet. For example, for a droplet with R ~3 mm, the shear

force and surface tension are ~25 uN and ~354 uN respectively [79]. Surface tension and
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gravity are mainly responsible for restoring the ‘normal’ droplet shape [65], especially for

small droplets that do not have a constant height.
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Figure 5.13 — Droplet acceleration on ring design 2; (a) acceleration results at surface
temperature of 400 °C. Each line represents a different plot of the model; (b) vapour flow

analysis on a trapezoidal ratchet

When the ratchets have a comparable period and height (such that A, ,~¢), the driving force
and acceleration will become weaker because the droplet deformation becomes more
symmetrical (i.e. where C; = 0.5), which reduces the AC vapour flow distance, and therefore
also reduces the shear force acting on the droplet. This can be seen by comparing figures 5.13a
to 5.12. Additionally, trapezoidal ratchet designs further reduce the effective driving force
acting on the droplet. Figure 5.13b shows a schematic of the vapour flows. On the flat top of
a trapezoidal ratchet, the vapour flows ‘backwards’ from A to B, since the large space at the

bottom of the previous slope creates a lower flow resistance compared to the desirable
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‘forward’ direction (from B to A) [79]. Therefore, the net driving force is the result of
combining the two opposing vapour flows (equation 5.9). For the non-deformable model line,

a single forward flow was simply plotted.

1 1

1 1
~Temp () ik (L) Gt
a=3 C(T)= m C,2 Tzt e 7 (5.9)

When small droplets were deposited on the ring, they tended to settle at the inner edge as
they transitioned from the initial negative velocity to a positive velocity. Then, as these started
to accelerate in the ‘positive’ direction, centrifugal force caused them to move to the outer
edge following the trajectory sketched in figure 5.14a. Thus, it is possible that the driving force
continuously changed during this short period because of the changing ratchet parameters (as
described above, the ratchets were narrower at the inner edge). In contrast, the larger
droplets tended to fill the full annular width of the ring (figure 5.14b), so the average ratchet

properties did not change.

(a) (b)

(s

Figure 5.14 — Droplet’s trajectory

Figure 5.15 shows the acceleration observed on ring design 4. As just discussed, small droplets
changed their trajectories as they accelerated (figure 5.14a). Since ring design 4 transitioned
from triangular to trapezoidal ratchets between the inner and outer edges respectively (table
3.1), there was a large deviation between the prediction of the model and experimental
results. Therefore, the model was plotted separately with respect to the inner and outer
peripheries of the ring. It can be seen that the experimental results reside between these two
limits. Further, it can be seen that the larger volumes more closely matched the prediction of
the model, since these larger droplets were pinned at the same radius, so did not experience
the transition from inner to outer edge dimensions like the smaller droplets. Generally, the
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temperature had little effect on the acceleration of the droplets, which matches the limited

effect of temperature in the derived model.
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Figure 5.15 — Acceleration on ring design 4 at surface temperatures of 450 °C, 400 °C, 350 °C

and 300 °C. Each line represents a different plot of the model
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Figure 5.16 — Effect of droplet volume on initial acceleration on ring design 3, at surface

temperature of 400 °C. Each line represents a different plot of the model

Figure 5.16 finally shows the acceleration observed on ring design 3. For small droplets, only
a small number of ratchets were covered because of the larger ratchet period compared to

the other designs. Here the energy loss/friction caused when the small droplets attempted to
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overcome the potential energy to self-propel became dominant [100], explaining the
deviation at volumes < 200 ulL as observed in figure 5.16. Generally, the model matched the

other volumes more closely.

Generally, the model (equation 4.29) and experimental data reported above show that the
acceleration is largely insensitive to the droplet volume. It was difficult to experimentally
observe the effects of the ratchet parameters, but the new model can be exploited to predict
the effects of ratchet period and ratchet height on acceleration nevertheless. Figures 5.17 and
5.18 plot the effect of ratchet period on acceleration for the triangular-shaped ratchets
(including ring design 1 and 3, see table 3.1) and trapezoidal-shaped ratchets (including ring
design 2 and 4, see table 3.1) respectively. Note, these are plotted for large droplets (> 300

uL) where the droplet height is stabilised.

Figure 5.17 plots the acceleration predicted by the model as a function of the ratchet period
for triangular-shaped and trapezoidal-shaped ratchets. As clearly shown, for triangular
ratchets, a smaller ratchet period improves the driving force and acceleration. This is because
a shorter period increases the steepness of the slope. The experimental result from two
different designs follows the model prediction to a reasonable degree, given that the
acceleration measurement on ring design 1 was influenced by the initial elongated droplet
shape (see figure 5.5c). For trapezoidal ratchets, the model predicts a much smaller effect of
the ratchet period, which still agrees with the experimental observations. Here the model was
plotted with the same flat top ratio of (A — 4,)/A = 0.145 (ring design 2 had a mean value of
0.145 and ring design 4 had an average of 0.13). Applying the design parameters into the
model (equation 5.9), equation 5.10 was plotted. The first term in the brackets accounts for
the forward driving force and the negative term accounts for the backward driving force (see
figure 5.13b). As A increases, eventually the first term starts to dominate, then the
acceleration begins to decrease, which explains the appearance of the maximum in the
acceleration for the trapezoidal ratchets. The negative term explains the smaller acceleration

values observed on the trapezoidal ratchets.

1 1
g l(A)Z 1( 1 )Z 1/0.145
= — —_ 2 —_
a=ZC)3(-) | 08556 s r (5.10)
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Figure 5.18 — Acceleration as a function of the ratchet height

Figure 5.18 plots the predicted acceleration as a function of the ratchet height, showing a
similar decreasing acceleration for both triangular-shaped and trapezoidal-shaped ratchets
when the ratchet period was kept the same. This is likely because as the ratchet height

decreases the gradient of the slope also decreases, which then reduces the driving force.
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5.3 Energy Conversion Efficiency

5.3.1 Latent Heat of the Phase Transition

A large liquid slug with a volume of V' ~5000 pLis now considered for a simple scaling analysis
to characterise the energy conversion efficiency. This volume provides a sufficient lifetime for
experimental observations to be made before significant evaporation occurs. The heat
transfer between the solid and the liquid is dominated by conduction according to the
literature [124], therefore the rate of heat transfer is calculated by equation 5.11a. Here, AQ;,
represents the heat transferred during a time interval At. This large droplet volume will be
significantly flattened by gravity so will have a constant droplet height H; (see Section 5.1.2).
Applying this then enables the heat transfer rate to be expressed according to equation 5.11b.
This means the rate of heat transfer can now be predicted by the measurable top-down

contact area (A), since the latent heat (L;) is known and the height will be H; ~5 mm.

AQ;, aM
=1, — 11
At Loae (5.11a)
AQ;n dA
=L, pH — A1
At LPLIL dt (5.11b)
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Figure 5.19 — Experimental measurement of the rate of mass declining. Measurement for a

large slug (5000 ulL) on ring design 1, at a surface temperature of 400 °C

Image analysis was conducted using the custom programme in Section 3.2, producing the
tracked top-down contact area (4) shown in figure 5.19. The gradient of the measured top-

down contact area against time was determined using linear regression (orange line in figure
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5.17), yielding dA/dt = 19.45 mm?/s in this case. Using H, ~5 mm according to equation 5.2
gives a heat transfer rate of AQ;,, /At ~222.1)/s.

The power needed to drive the self-propulsion (P,) is equal to the driving force multiplied by
the velocity, the scale analysis of which is expressed in equation 5.12. Here, the driving force
is largely independent of the velocity, as already discussed in the model analysis in Chapter 4.

P, ~Ffv (5.12)

According to the velocity and acceleration measurements in figures 5.11a and 5.12, a 5000 uL
slug will attain a terminal velocity of v ~0.386 m/s and achieve an initial acceleration of
a ~0.544 m/s?. Therefore, the driving force determined from Fy = Ma yields a power of

P, ~1.0 X 1073 J/s.

The energy conversion from the latent heat of the phase transition into the self-propulsion
can finally be evaluated using equation 5.13. The efficiency is clearly very low:
New ~4.5 % 107¢. This is mainly due to the excess heat needed for droplet to be in its
Leidenfrost state, where there is a high energy cost due to the latent heat/phase change
according to Wells et al. and Agrawal et al. [32, 125]. However, they also suggest that
alternative Leidenfrost bodies such as ices of H,0, CO; and CHa (i.e. solids), in extremely low
pressure and high temperature difference conditions, are helpful to reduce the energy cost of

levitation, particularly in low gravity environments.

P
Nev ~ U/AQin (5-13)
At

5.3.2 Viscous Dissipation

The energy generated from the shear stress driving force will only be partially converted to
kinetic energy (i.e. droplet motion); the rest will be lost due to friction (described in Section
4.2) and possibly rotational kinetic energy of the droplet. The energy conversion efficiency in
this case can be evaluated by considering the acceleration of the droplet. First, the total
energy generated by the driving force can be described by equation 5.14, where s represents
the displacement of the droplet during the acceleration process. This can be calculated as an

integration of the droplet velocity with respect to time, as described in equation 5.15 (see
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Appendix E). Here, an empirical function of the time-dependent droplet velocity was fitted in
MATLAB, as shown in figure 5.20.

s = fvdt (5.15)
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Figure 5.20 — Curve fitting for the droplet velocity against time

The droplet kinetic energy from self-propulsion is simply calculated according to equation 5.16,

where the measured terminal velocities (e.g. figure 5.9) were applied.

1
E, = 5pVv? (5.16)

Thus, the energy conversion efficiency from the driving force to the kinetic energy from self-
propulsion is evaluated according to equation 5.17. Figure 5.21 summarises the calculations,
indicating a maximum energy conversion efficiency of only ~50%. The rest of the heat energy
will be dissipated by the deformed liquid in the ratchet cavity, and is possibly converted to
rotational kinetic energy of the droplet. Both will be beneficial for droplet mixing applications

in flow chemistry.
E,

Ny = Wf (5.17)
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from self-propulsion

The frictional energy loss can then be evaluated according to equation 5.18 (see Appendix E).
Here, the friction model in equation 4.36b and the measured friction coefficient d; in table

5.1 were adopted.
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Figure 5.22 — Energy conversion analysis indicates that nearly zero energy is converted to

droplet rotation
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The sum of the dissipated energy by friction and the gained kinetic energy together account
for ~100% of the total energy generated by the driving force, as shown in figure 5.22. Note,
data for ring design 1 appears to mostly exceed 100%, though this can be explained by the
approximations used in the scaling analysis; for instance, the increased surface energy due to
the elongated droplet shapes (see figure 5.5c¢) was not considered in the estimation of the
efficiency. Generally, the result in Figure 5.22 implies that droplet rotation is hardly generated

during the self-propulsion process, similar to the large droplet behaviour on a flat surface [22].

5.4 Chapter Summary

Leidenfrost self-propulsion on four different rings have been fundamentally studied. Droplets
are observed to self-propel at high terminal velocities (~0.4 m/s), which is higher than values
previously observed in the literature. Droplets were influenced by gravity (causing them to
spread out in all directions) and the centripetal force (causing them to become narrowed).
The droplets were also observed to deform around the ratchets, demonstrating the
importance of including droplet deformation in the model. Surface tension then acted to
balance the effects of gravity, centripetal force, and deformation. The droplet velocity and
acceleration measurements showed good agreements with the model predictions,
emphasising the role that the ratchet parameters (ratchet period and height) have on the
dynamics. The energy conversion efficiency to overcome the latent heat and produce the
phase transition was very low (~107°). The energy converted from the shear stress driving
force to the droplet’s kinetic energy was ~50%, with the remainder being used to overcome
frictional losses. This simple energy conversion estimation implies that droplet rotation is

hardly generated during the self-propulsion phenomenon.
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Chapter 6. Droplet Mixing under Leidenfrost State

Mixing in micro channels is typically restricted to pure diffusion due to the laminar flow
characteristics; this is a consequence of the low Reynolds numbers that dominate these
microfluidic systems. Therefore, the internal flow patterns must be altered in order to
enhance mixing. One approach is to modify the physical pattern of the channel to induce
turbulent-like features into the internal flows [35]. Alternatively, the flow itself can be
modulated, e.g. by separating the flow into separate smaller droplets. By rolling the droplets
using electrical control of the surface tension [120, 121, 126, 127] or using a winding channel
[128], the interfacial area of different fluids will be exponentially increased wherein the
diffusion distance will be reduced via the process of engulfment (where exponentially more
of the fluid is incorporated into the diffusion environment) [129]. Recirculating internal flows
can also be generated in stationary water droplets when they are placed on a hot nonwetting
surfaces, leading to an 8—15 fold reduction in mixing time for surface temperatures of 40—

60 °C [130, 131].

As discussed in previous chapters and the literature, a Leidenfrost droplet will develop internal
convective vortices [22, 132] that stretch and fold the liquid, heavily implying a potential to
enhance mixing. When a Leidenfrost drop is placed on a ratcheted surface, it gains further
opportunities for mixing enhancement. The Leidenfrost regime by itself induces counter-
rotating cells as shown in figure 6.1. Then as the droplet self-propels, it repeatedly collides
with the ratchets which induces further internal disturbances [24, 100] that creates
continuous and spontaneous fluctuations to the internal flow field. Finally, rotation of the self-
propelling droplets provides a further mixing mechanism via the generation of recirculating

layers because of the no-slip boundary condition [126].

This chapter aims to study the droplet mixing characteristics under the Leidenfrost and self-
propelling Leidenfrost states. The results will demonstrate a significant enhancement over
diffusive mixing (a 2 order of magnitude reduction in the mixing time), which establishes this

as a potential new device for flow chemistry and mixing applications.
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(a) 3 convective cells (b) 2 convective cells (c) a unique rolling cell
(mode m=3) (mode m=2) (mode m=1)

Figure 6.1 — Internal convective cells for Leidenfrost droplets with different radius. Figure

taken from Yim et al. [133]

6.1 Assumptions and Preliminary Mixing Analysis
It can be assumed that the internal fluid flows were not impacted by the coloured dyes
because a negligible amount was used for each experiment; typically, ~60 uL of coloured dye

(pp = 3 g/L) was added to a water droplet of ~400-1500 uL volume (p; ~958.3 g/L).

Next, it is speculated that the convective mixing is dominated by the Leidenfrost regime and
repeated collisions between the deformed liquids and the rigid ratchets, which is based on the
energy analysis presented in Chapter 5 (which implied minimal droplet rotation). Given a small
amount of deformed liquid, the velocity field of the convective cells from the Leidenfrost

regime (on the order of 5 cm/s [22]) is assumed to be independent of the repeated collisions.

In line with this non-rolling assumption, the convective flows are then assumed to be
axisymmetric [22]. The convective cell number in each droplet is denoted as m (see the
definition in figure 6.1), which is approximately the ratio of the droplet length [ and the size

of a convective cell r:

m=— (6.1)

Here, it is assumed that each convective cell has a similar radius r. According to previous
experimental studies, the critical radius of a convective cell is 7. = 1.5 mm. A larger cell tends

to break into smaller cells when exceeding the critical size [22, 132, 133].

86



Once the droplet reaches its terminal velocity, the convective flow pattern is assumed to
remain steady. According to Ottino’s theory [134], the stretching and folding liquid volumes
create more layer interfaces to reduce the diffusion distance, which he defined as the striation
thickness As. Applying the same theory here (see figure 6.2), the diffusion distance is reduced
to As = r/y,, with y; being denoted as the number of the layer interfaces in each convective
cell. This leads to a reduced diffusion time in each cell:

B As?
2Ddiff

(6.2)

tm,i

AS striation
thickness

elongate droplet

T ——

Figure 6.2 — Sketch of the internal convective cells in a self-propelling droplet. The droplet
self-propelled along the outer edge of the ring due to a centripetal force, having an

elongated shape. Figure reproduced from [133]

Here, Dy is a single particle diffusion coefficient at the liquid’s boiling point. The flow within
the convective cells in the direction of the droplet’s length is assumed to be analogous to an
electric current passing through resistors in series. Here the mixing time can be calculated as
a sum of the resistances of each cell:

tm = Mty + tp (6.3)

where t,,, ; is the mixing time within each convective cell and tj is the mixing time between

convective cells.

When self-propelling on a ratcheted ring, a large droplet is flattened in both the vertical (by
gravity) and radial (by centripetal force) direction as described in Chapter 5. Therefore, the
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Chapter 6 Droplet Mixing under Leidenfrost State

droplet length is approximately the ratio of the droplet top-down contact area and the droplet
width: | = A/(¢,w) = V/[(¢;w)(E,H,)]. Here, ¢; and ¢, are numerical coefficients to
account for any deviation caused by the dye. As reported, the evaporation rate of an impure
droplet could be prohibited [135], leading to a thinner vapour thickness to influence the self-

propulsion dynamics. Applying the droplet width model in equation 5.9 yields:

vV
| = PL

- 6.4
. 6,H, |2yD, "~ (6.4)

Combining equations 6.1-6.4 then gives the mixing time in terms of the experimental

parameters:

t, = 4 ALt it (6.5)
™ 48,8 DgirsH, |2yDy 12 P

Equation 6.5 intuitively implies that the mixing time largely depends on the droplet volume
(V), droplet height (H;), ring scale (D,) and self-propulsion velocity (v). As seen from figure
5.2, the droplet height (H; ) will gradually plateau as the droplet size increases (critical volumes
are ~300-400 pL). In this point of view, the mixing time is expected to increase linearly against
the droplet volume as the droplet velocity (v) also plateaus (see figure 5.11), in agreement
with the result shown in figure 6.6. The result in figure 5.11 shows measurement for large
droplet volumes (>400 pL). For smaller droplet size, the droplet height begins to reduce (see
figure 5.2), implying that the corresponding increasing rate for the mixing time with respect
to the droplet volume is lower. This may explain the offset on the x-axis in figure 5.11. When
the droplet volume is below ~200 puL, both the droplet height and velocity will be reduced
significantly (see figures 5.2 and 5.11). Droplets smaller than the ratchet period will be stuck,
hence no self-propulsion [24, 79]; the mechanism in equation 6.5 is inappropriate whereas

the Leidenfrost regime still generates convective swirls to enhance droplet mixing [22, 115].

Mixing between the convective cells may picture two scenarios. If the dye defuses across the
droplet width, the diffusion distance is s, = (w — 4r)/2 according to the sketch in figure 6.2.

The diffusion time is:

(6.6)
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It is also possible to generate some turbulent-like features in the cross section of the droplet
owing to the repeated collisions [35]. The diffusion distance then decreases to
sp = (w—4r)/(2x,), where x, is denoted as the number of the interface layers. The
diffusion distance could be exponentially decreased than the initial transverse diffusion

distance (w — 4r)/2 [35, 128].

6.2 Mixing Time Results
Chapter 3 describes the experimental methodology used for studying droplet mixing; this
consisted of the experimental devices in Section 3.1.1, experimental procedures in Section

3.1.3, and data analysis in Section 3.3.

6.2.1 Diffusion at Room Temperature

(a)0s (b) 25s (c)75s (d) 219 s
Figure 6.3 — Pure diffusion at room temperature. Example for the dye spread in an 800 uL
water droplet. The standard deviation of the pixel numbers within the droplet region

decreased by 95% at 219 s

Figure 6.3 shows the diffusion process on hydrophobic paper (to mimic the droplet shape
produced in the Leidenfrost regime). Figure 6.4 shows the time taken for dye to diffuse in
stationary droplets of varying volume. Expectedly, a considerable time (1-10 min) was needed

for pure diffusion to take place at room temperature.

The diffusion time, ty;¢f, can be related to the diffusion coefficient at room temperature
(Daifr,0) and diffusion distance (which is on the order of the droplet diameter, or ~2R; where
2R > H;) using equation 6.7 [126, 128, 136]:

(2R)?

tagiff = =—— 6.7
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Figure 6.4 — Diffusion time in stationary droplets at room temperature

Since large droplets are flattened by gravity (such that their heights, H;, remain stable), their
droplet volumes will scale linearly with the top-down contact area: V = mR?H, . Since taifs is
also proportional to R?, this explains the linear correlation between the diffusion time and the

droplet volume in figure 6.4.

Using the data in figure 6.4 and equation 6.7, the diffusion coefficient at room temperature
can thus be measured: Dg;rfr o = 4.1 X 10~7 m?/s. Equation 6.8 then calculates the diffusion
coefficient for a Leidenfrost droplet [126], yielding Dg;rr~6.3 X 10~7 m?/s. This means
increase in mixing due to increase of temperature would be considerable (around 50%) but
not dramatic. Here, T} ,~8-10 °C and T},~100 °C represent the droplet temperatures at room
environment and Leidenfrost state [113] respectively. y; y~1.34 mPa's and u;~0.2825 mPa's
are the droplet viscosity properties at the two status.

Dairro  miTro

(6.8)
Ddiff UroTy
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6.2.2 Convection on ratcheted rings

Figure 6.5 — Convective mixing in Leidenfrost self-propelling droplets. Example for the dye
collided with an 800 uL DI water droplet on ring design 4 (400 °C). The standard deviation

within the droplet region decreased by 95% at 1.80 s

0.5
(a) A

0.4+ HH bl Lo ]
0 Pl
Eosf
2 . e - * m
do02f
]
>

01F o Ring1 Ring2 e Ring3 e Ring4

0.0 : : : : : :

(b)

4
0
! T
(4]
£
2 2 3
Fa]
x| o
s

: +i
1r ls +
i 1—&—4 L0
0 " 1 L 1 M 1 " 1 " 1 " 1

0 200 400 600 800 1000 1200 1400
Volume (pL)

Figure 6.6 — Effect of droplet volume on the mixing time and droplet velocity; surface

temperature of 400 °C

Figure 6.5 shows the mixing process in a self-propelling droplet on the heated Leidenfrost
rings. One can see the dye gradually spread from the collision edge to the receding edge of
the droplet, indicating a scenario of non-rolling propulsion. Figure 6.6a and 6.6b show the

droplet velocities and mixing times as the droplet volume was varied. Overall, it took less than
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Chapter 6 Droplet Mixing under Leidenfrost State

5 s at all conditions for complete mixing to be observed on all four ratcheted rings. These
mixing times are over 100 times smaller than those observed by pure diffusion at room
temperature (see figure 6.4), demonstrating a significant improvement. The temperature
effect cannot explain this though effective improvement by taking the temperature into
account is still considerable (on the order of 0.5). The mixing time also increases linearly as
the droplet volume increased, which agrees with equation 6.5. Note, the large vertical error
bars on some of the data points were caused by differences in the initial collision of the large
droplet and small droplet containing the dye, which was difficult to control in practice (e.g.

different relative velocities and collision positions).
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Figure 6.7 — Effect of droplet velocity on the mixing time; surface temperature of 400 °C.

Measurements were taken from similar droplet volumes (986-1070 ulL)

Figure 6.7 plots the mixing time as a function of the droplet velocity, which shows a clear
increasing trend even though measurements were collected from different devices. This again
agrees with the prediction in equation 6.5, where the difference of devices is reflected by the

scale of the ring diameter (D,)).
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Among the four ring designs, ring design 3 demonstrated the most efficient mixing. Counter-
intuitively, ring 3 also produced the smallest droplet velocities as shown in figure 6.6a.
However, this is still in agreement with the analysis in equation 6.5: a smaller droplet velocity
implies a reduced convection time (t,,). This is reasonable because the droplet centripetal
force will be diminished at smaller droplet velocities, leading to a less narrowed droplet width
and shorter droplet length. Herein, the dye went through fewer convective cells and the flow
time will be reduced. As seen from figure 6.8, the mixing times increase linearly against the
droplet length, which also verifies the assumption in equation 6.3 that the convective cells
behave as resistors in series. Note, the droplet length is taken as the ratio of the top-down

contact area and the droplet width, [ = A/w.

On ring designs 1 and 2, both the droplet velocities and the mixing time are similar, because
both the ring design (see table 3.1) and the droplet velocities (see figure 6.6a) are similar. On
ring design 4, the mixing time is comparable to the result on ring designs 1 and 2, though it
was designed with a smaller diameter D, (see table 3.1). This seems to disagree with the
analysis in equation 6.5, which suggests that a smaller diameter increases the convection time

by raising the centripetal force to further elongate droplet length. However, an increased
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centripetal force also implies a narrowed droplet width that helps to reduce the diffusion

distance (which is sp in equation 6.5).
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Figure 6.9 — Droplet shape study of the merged droplets; (a) Top-down contact area
measurement, (b) Droplet width measurement. Data for pure water droplets is taken from

figures 5.5 and 5.7 respectively

Figure 6.9 shows the experimentally measured droplet height and droplet width following the
merger of two droplets. The top-down contact area of the combined droplet still followed the

benchmark area measurement for pure water droplets (figure 6.9a), implying the droplet
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height did not change when dye was added, where ¢, ~ 1. However, there is a noticeable
deviation of the measured width from pure water droplets (figure 6.9b), suggesting 0 < ¢; <
1. As speculated, droplet impurity may prohibit the evaporation rate [135] to produce a
thinner vapour layer. This may stimulate the self-propulsion by increasing the pressure
gradient in the vapour layer, leading to slightly increased droplet velocities than pure droplets,
which in turn further narrowed the droplet width in response to the increased centripetal

force.
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Figure 6.10 — Impact of surface temperatures on (a) mixing time and (b) droplet velocity
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Chapter 6 Droplet Mixing under Leidenfrost State

In figure 6.10a, the mixing time, and by implication the internal fluid flow patterns, showed
little dependence of the surface temperature. This is correlated with the observation that
surface temperature has little effect on the droplet velocity as shown in figure 6. 10b. Here
the droplet encounters a similar number of collisions with the ratchets regardless of surface

temperature.

6.2.3 Convection on a Flat Surface

. . . 5 mi.

(a)0s (b) 0.20s (c)0.40s (d) 0.60s
Figure 6.11 — Star-shaped oscillation for Leidenfrost drops on a flat surface. Example for a

water droplet of 800 ulL at surface temperature of 400 °C
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Figure 6.12 — Volume-contact area calibrations for droplets on a flat surface

To further benchmark the performance of the Leidenfrost mixing phenomena, additional
experiments were performed on a heated flat surface. This also required an updated volume
calibration (in figure 6.12) because a thick vapour pocket forms beneath the droplet to alter

the droplet geometry [15, 137].

96



As seen from figure 6.13 the flat surface produced mixing time directly comparable to the best
mixing times observed on the ratcheted Leidenfrost ring result (obtained on design 3). Here,
instead of collisions with the ratchets driving the improved mixing, it was droplet oscillations
(figure 6.11) that induced more turbulence within the internal fluid flow. Oscillations are
commonly observed for Leidenfrost droplets on a flat surfaces, which are often referred to as

star-shaped oscillations because the droplet develops distinct lobes [25, 68, 69, 138, 139].
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Figure 6.13 — Droplet mixing times observed on a heated flat surface (400 °C)

More frequent oscillations were observed after droplet collision, where the lobe mode N was
on a range of 2-6 as shown in figure 6.14. But shortly, the oscillation became less violent with
a declined lobe mode. The violent oscillation is interpreted to arise from the momentum of
the coloured dye: The dye slid down the basin by gravity, then collided with the water droplet
at the lowest point, where energy conversion took place in accordance with the law of
conservation of momentum. The extra energy made an ultramobile Leidenfrost droplet
undergo highly frequent oscillations until the energy is diminished. Consequently, the mixing
efficiency was further improved. Note, droplet rotation also took place after the collision,

which happened to be in a clockwise direction.
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6.3 Energy Loss by the Deformed Liquid

The repeated collisions between the deformed liquid and the rigid ratchets play an important
role in the enhancement of mixing based on the analysis presented in Sections 6.1 and 6.2.
The deformed liquid takes up only a small amount of the entire droplet, as shown in figure
6.15. Here, the volume is estimated according to equation 6.9, which is based on the

deformation analysis in equation 4.30. Therefore, it is assumed that the bulk of the rolling cell

is not influenced by the deformed region.
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Figure 6.15 — Liquid volume trapped by the ratchet cavity

The small, deformed volumes cause significant friction to motion as analysed in 5.4.2.
Assuming no rotation occurs, the energy loss caused by the friction (W}) is then shown in
figure 6.16, denoting Wy as the work from the driving force and E,, as the kinetic energy from
droplet self-propulsion. This energy increased the turbulence within the deformed regions to
enhance mixing. Assuming pure diffusion between the convective cells, at droplet width w =
10 mm and radius of convective cells r = 1.5 mm, the mixing time would take few seconds,
thp = (w— 4r)2/(2Ddl-ff), which greatly dominates the mixing and opposes the mixing time
measurement in figure 6.6b. Hence, it is speculated the field between the convective cells also

has turbulent-like features.
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Figure 6.16 — Energy loss under the assumption of no droplet rotation

6.4 Chapter Conclusion

Using Leidenfrost self-propulsion dynamics, droplet mixing is greatly enhanced by convective
internal flows. The convective flows originate from the Leidenfrost regime and the repeated
collisions between the deformed liquids and the rigid ratchets. Mixing time has been
remarkably reduced by over 100 times in comparison with pure diffusion at room temperature.
The mixing time strongly depends on the droplet shape, which is determined by the ratchet
designs. A larger ratchet ratio produces a smaller droplet velocity that comes along with a
shorter droplet length, yielding a reduced mixing time. Larger ratchet cavity causes more
liquid to be trapped, which further reduces the mixing time. According to previous report, a
cold Leidenfrost regime also generates self-propulsion [38], suggesting that Leidenfrost self-

propulsion dynamics could be a useful and efficient way for droplet mixing.

A slightly curved surface also demonstrates fast droplet mixing due to the onset of droplet
oscillation at Leidenfrost state. Droplet oscillation becomes more violent after the Initial
collision of the coloured dye with the water droplet, which further improves droplet mixing.
However, a cold Leidenfrost regime may prohibit the oscillation due to insufficient vapour

thickness.
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7.1 Overall Aims

A Leidenfrost droplet is one that levitates on a vapour cushion, which allows the droplet to
move in a frictionless manner whilst also displaying several interesting dynamical behaviours,
e.g. convective internal fluid flow, droplet oscillation (on a flat surface) and droplet self-
propulsion (on a ratcheted surface). The internal convection suggests an alternative way of
droplet mixing, especially in diffusion dominated microfluidics. The remarkable speed of
Leidenfrost self-propulsion then implies a promising technique for energy recovery and
applications in flow chemistry. Based upon the gaps identified in the literature, four research
themes were developed that aimed to form a fundamental understanding of the propulsion

dynamics and to explore potential applications in droplet mixing. The main themes were:

I.  Scripting a code in MATLAB for automated image processing for droplet motion and
colour detection.
II.  Developing a model to describe the propulsion dynamics in a quantitative manner.
lll.  Performing experimental studies to test the robustness of the model.

IV.  Exploration of droplet mixing under the Leidenfrost state.

7.2 Main Outcomes

7.2.1 A General Model for Leidenfrost Self-Propulsion

This thesis presents a new general model that can be used to describe the propulsion
dynamics of a Leidenfrost liquid on a ratcheted surface (Chapter 4). Based upon the viscous
mechanism proposed in the literature, the model further considers droplet deformation at
the presence of the ratchets for the first time. It therefore supersedes the previous and limited
scaling analysis conducted in the literature by deducing a quantitative expression for the
driving force. Apart from the dependence on the droplet size as proposed by the literature,
the model also suggests that the driving force is also apparently impacted by the droplet
deformation and ratchet parameters but has little dependence on the surface temperature.
Further, a terminal velocity model is proposed through the extension of the driving force
model, showing the dominant role of the ratchet ratio in determining the droplet terminal

velocities.
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7.2.2 Ratcheted Rings for Leidenfrost Self-Propulsion

Four ratcheted rings were purchased for conducting experimental studies of the Leidenfrost
self-propulsion phenomena, where the droplet motion was captured by the use of a high-
speed camera (Chapter 5). The ring shape allows droplets to self-propel in a shorter footprint
whilst also enabling droplets to reach a terminal velocity. Both liquid streams and droplets can
propel in these channel. The droplet velocity was observed to plateau in agreement with the
predictions of the velocity model. These rings also show a unique feature of droplet self-
propulsion: in addition to a steady state terminal velocity, the droplet width was also observed

to plateau over time because of the stabilized centripetal force.

Droplet acceleration rates were observed to dramatically increase from 0.2 m/s? to 0.6 m/s?
when the ratchet ratios decreased from 6.0 (e.g. ring design 3) to 2.1 (e.g. ring design 1). This
can be explained by the model developed in Chapter 4. The flat ratchet top on ring designs
2&4 also prohibited droplet acceleration due to increased energy loss and a negative vapour

flow that diminishes the ‘forward’ driving force.

By measuring the decreasing rate of the top-down contact area of a large self-propelling
droplet, the energy conversion efficiency from the latent heat of phase transition into the
droplet self-propulsion is evaluated to be very small: ~4.5 x 107%. This is because most
energy has been used to levitate the droplet. It is expected that energy conversion could be
properly improved in a lower pressure ambient (e.g. outer space) and using alternative

substances such as ices of H,0, CO, and CHa.

7.2.3 Droplet Mixing under the Leidenfrost State

The thesis also presents a new method for fluid mixing using the Leidenfrost effect (Chapter
6). The mixing process was observed using a high-speed camera, showing a significant
reduction of the mixing time of over 100 times in comparison to pure diffusion at room
temperature (from a few minutes to no more than 5 s). Several mechanisms explain this
improved mixing performance: convective cells inside the Leidenfrost droplet, repeated
collisions during droplet self-propulsion and droplet oscillations on a flat surface. These
dynamical activities bring more turbulence into the internal fluid flow, leading to a reduction

in the diffusion distance.
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Among the four ratcheted rings, the maximum mixing time reduced from ~5 s (on ring designs
1, 2, and 4) to ~2 s (on ring design 3). The lower diffusion resistance on ring design 3 results
from the shorter droplet length, which arises from the less narrowed droplet width as

discussed in Chapter 5.

7.2.4 Automated Image Processing

A custom programme is presented in this thesis, which is used to process the numerous
experimental images in association with the open-source software Imagel (Fiji). Manual
analysis has also been carried out to test the accuracy of the programme, with a difference of
only 0.75-3.82%. The programme is used to detect the droplet position, top-down contact
area and mixing process. Simple centre-of-mass tracking in a limited space yields considerable
errors for linear velocity analysis. This study provides a simple but efficient method to correct

the error by integrating the effective radius distance using programme analysis.

7.3 Further Work

Extending the experimental verification of the model may start with studies on how the
ratchet parameters (ratchet period and height) can affect the propulsion dynamics. For
example, figures 5.15 and 5.16 provide limited experimental data to support the statement in
terms of the driving force as a function of the ratchet parameters. A broader range of design
will further test the robustness of the model presented in this reaserach, e.g. ratchet periods
1-1.5 mm and ratchet heights 0.3-0.5 mm (these are proposed based on the parameters

shown in the literature).

From a practical perspective, it is worthwhile to explore droplet mixing/energy generation in
a lower temperature regime. According to previous studies, the threshold temperature for
Leidenfrost self-propulsion has been shifted to ~77 °C. However, the pinning effect arising
from the contact angle hysteresis may prohibit droplet oscillation on a flat surface, which plays

a negative role in the mixing process.

In terms of energy conversion applications, e.g. from thermal to kinetic and then to electric,
the low conversion efficiency from heat to motion (~10°) is a tough question to face with. In
regards to chemical processes which commonly require ‘high’ temperatures (e.g. chemical
reactions and/or mixing), the excellent result in droplet mixing then provides useful evidence
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for applications of the Leidenfrost effect associated phenomenon to chemical engineering
field. A further direction is to explore in what way the fast droplet mixing under the Leidenfrost
effect could affect chemical reactions, in particular for those restricted by the mixing process,
e.g. solution-phase AgNP synthesis. This will provide a fundamental basis for applications in

flow chemistry.

Droplet mixing at micro scales will linke potential applications to microfluidic systems, e.g. lab-
on-a-chip field. Corresponding experiments require the fabrication of a microscaled ratcheted
channel, whilst chronophotography using a camera with higher resolutions is also required. In
order to have a clear map of the turbulent features that infulence the mixing process, particle

image velocimetry (PIV) is a useful tool to meausre the internal fluid velocities.
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Appendix A. Image Processing

OOOOOOOOOA%%%OAOOOOOOOAOOOAOOOO Impor\t images OAOOOOOOOO0"%%%0"0OOOOOOAOOOAOOOOOOOO

img_path_list = dlr\( Tk tif! );
img_num = length(img_path_list); % number of images

if img_num > ©
for pn = 1:img_num
image_name = img_path_list(pn).name; % name the images by orders
img_origin = imread(image_name);
I[75] = double(img_origin);
fprintf('%d %s\n',pn,image_name);
end
end

OOOOOOOOOA%%%OAOOOOOOOAOOOAOOO Filter\ noises %0"0OOOOOOO0"%%%0"0OOOOOOAOOOAOOOOOOOO

for k = 1:(img_num-1)
Ibw{1l,k} = im2bw(I{1,k},graythresh(I{1,k}));
[heightl,widthl] = size(Ibw{1,k}); % Image size
R1 = fix((height1-1)/2);

end

Iebw = im2bw(I{1,img_num},graythresh(I{1,img_num}));
[height@,widthe] = size(I@bw); % Ring center, no ratchets
Re = fix((heighte-1)/2);

i@ = fix((1+heightl)/2); % Edges, containing ratchets
jo = fix((1+widthl)/2);
imin = i0-RO;

imax = i0+RO;
jmin = jO-Re;
jmax = jO+Re;

%66262626%%76666 %% 7676060606 %676%606%6% ~ Filter definition  %%%%%%%%%7%%%%%%626%%%%676%%%%%
%%%%%6760606066%%%%%% @ is droplet & noise, and 1 is background %%%%%%%%%%%%%%%

for m = 1:(img_num-1)

%% Filter noise in the ring centre
for i = imin:imax
for j = jmin:jmax
if ((i-i@).72 + (j-je).”2) <= (Re*2)
Ibw{1,m}(i,j) = 1;

end
end
end

%% Filter noise in the edges
for i = 1:35

for j = 35:(width1-34) % Top

if Ibw{l,m}(i,j) ==
if sum(sum(Ibw{1l,m}(1:69,(j-34):(j+34)))) >= 4730
Ibw{1,m}(i:(i+6),(j-3):(j+3)) = ones(7,7);
end

end

end
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end

for i = (heightl-34):heightl
for j = 35:(widthl-34) % Bottom
if Ibw{1l,m}(i,j) == ©
if sum(sum(Ibw{1,m}...
((height1-68):heightl, (j-34):(j+34)))) >= 4730
Ibw{1l,m}((i-6):i,(j-3):(j+3)) = ones(7,7);
end
end
end
end

for j = 1:35
for i = 35:(height1-34) % Left
if Ibw{l,m}(i,j) ==
if sum(sum(Ibw{1l,m}((i-34):(i+34),1:69))) >= 4730
Ibw{1,m}((i-3):(i+3),j:(j+6)) = ones(7,7);
end
end
end
end

for j = (width1-34):width1l
for i = 35:(height1-34) % Right
if Ibw{1l,m}(i,j) == ©
if sum(sum(Ibw{1,m}...
((i-34):(i+34),(width1-68):widthl))) >= 4730
Ibw{1l,m}((i-3):(i+3),(j-6):j) = ones(7,7);
end
end
end
end

%% Filter noise in the main field
for i = 36:(height1-35)
for j= 36:(width1-35)
if Ibw{l,m}(i,j) == 0
if sum(sum(Ibw{1l,m}...
((i-34):(i+34),(j-34):(j+34)))) >= 4730
Ibw{1l,m}((i-3):(i+3),(j3-3):(j+3)) = ones(7,7);
end
end
end
end

J6262626%676767667626 7676767616666 7676606%6%  S€CON PASS  %7%767676%76%676767676%6767676767676 76766667696 76.6.6.66 667676

for i = 1:10
for j = 11:(width1-10) % Top edge
if Ibw{1l,m}(i,j) == ©
if sum(sum(Ibw{1,m}(1:21,(j-10):(j+10)))) >= 426
Ibw{1,m}(1:13,(j-6):(j+6)) = ones(13,13);
end
end
end
end
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for i = (heightl-9):height1l
for j = 11:(width1-10) % Bottom edge
if Ibw{1l,m}(i,j) == ©
if sum(sum(Ibw{l,m}...
((height1-20):heightl, (j-10):(j+10)))) >= 426

Tbw{l,m}...
((height1-12):height1,(j-6):(j+6)) = ones(13,13);
end
end
end
end
for j = 1:10
for i = 11:(height1-10) % Left edge
if Ibw{1l,m}(i,j) == ©
if sum(sum(Ibw{1l,m}((i-10):(i+10),1:21))) >= 426
Ibw{1,m}((i-6):(i+6),1:13) = ones(13,13);
end
end
end
end

for j = (width1-9):width1l
for i = 11:(heightl-10) % Right edge
if Ibw{1l,m}(i,j) == ©
if sum(sum(Ibw{1l,m}((i-10):(i+10),...
(width1-20):width1))) >= 426
Ibw{1l,m}...
((i-6):(i+6), (width1-12):widthl) = ones(13,13);
end
end
end
end

for i = 11:(heightl-10)
for j= 11:(width1-10) % Main field
if sum(sum(Ibw{1l,m}...
((i-10):(i+10),(j-10):(j+10)))) >= 426
Ibw{1,m}...
((i-6):(i+6),(j-6):(j+6)) = ones(13,13);
end
end
end
end

%76767626%6 7676766066 7676606 06676765662 Connect Droplet Area  %%%%%%%676%%%7%7676%%%76767676 26767676

%% Horizontal connection
for i = 1:heightl
for j = 1:widthl-30
if Ibw{1l,m}(i,j) ==
if Ibw{l,m}(i,j+30) ==
Ibw{1,m}(i,j:(j+30)) = zeros(1,31);

end
end
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Appendix A Image Processing

end
end

%% Vertical connection
for i = 1:heightl1-15
for j = 1:widthl
if Ibw{1l,m}(i,j) ==
if Ibw{1,m}(i+15,j) == ©
Ibw{1,m}(i:(i+15),j)=zeros(16,1);
end
end
end
end

end

To262626%676 767676262676 767666 616676760606 6676767 FL11 the LoSt  %khk%%%%I6%%%%67676%6%%667606767676667676

%% Define the boundary where the droplet rotates
for m = 30:(img_num-1)
for i = 1:heightl
for j = 1:widthl
if fix(((i-i@)~2+(j-jo)~2)"70.5) == R1
Il{l,m}(i,j) = 0;
end
end
end
end

for m = 1:(img_num-1)
% Label the white regions in 8-connection region
[L_1{1,m},num] = bwlabel(Ibw{1,m},8);
% Calculate the areas for the labelled white regions
S 1 = regionprops(L_1{1,m}, 'area');
% Remove the white regions
I1{1,m} = ismember(L_1{1,m}, find([S_1.Area]>=5000));
end

%% Remove the boundary
for m = 1:(img_num-1)
for i = 1:heightl
for j = 1l:widthl
if fix(((i-i@)"2+(j-je@)"2)"0.5) == R1
I2{1,m}(i,3) = 1;
end
end
end
end
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Appendix B. Droplet Detection

%ol dololododoeds Calculate the Centre-of-Mass and Droplet Area  %%%kkkkksslololols

x = zeros(1l,img_num-1);

y = zeros(1,img_num-1);

r = zeros(1,img num-1); % Radius for circular motion
area = zeros(1l,img_num-1);

for n = 1:(img_num-1)
sum_x=0; sum_y=0; sum_r=0; sum_area=0,;

for i = 1:heightl
for j = 1:widthil
if 12{1,n}(i,j) == 0
sum_X = sum_x+j;
sum_y = sum_y+i;
sum_r = sum_r+((i-ie).”~2 + (j-jo).”2).”0.5;
sum_area = sum_area+l;
end
end
end

x(1,n) = fix(sum_x/sum_area);
y(1,n) = fix(sum_y/sum_area);
area(l,n) = sum_area;

r(l,n) = sum_r/sum_area;

end

%67676762676 767676606266 76761606 6066767606262 PLot trajectory  %%%%77%%%%67676%%.76767676 7767676 6767676676

for m = 1:(img_num-1)
imwrite(I2{1,m}, [num2str(m), '.tif']);
imshow(I1{1,m});

hold on

plot(x(1,m),y(1,m),"*");
end

KKK dodo XK 767676767676666666060660626%6%  Compute Data  %%kk%kkkkststolslololslolololololololololododototed6t626%6
X=x"; Y=y'; R=r'"; CA = area’
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Appendix C. Coloured Droplet Detection

%%6%6260606060006 76 %%%06%600%% ~Image process after Appendix 1 %%%%%%%%%%%%7606060606%%%%

for k = 1:(img_num-1)
I2{1,k} = I2{1,k}+0;
end

16967967696 96%606%6%6 6% %6 %696 96 % 6767626 Impor“t Or‘iginal Images 1696%%606%696%%696%96%%6 %676 967676 967 67696 %676

img_path_list 2 = dir('*.tif");
img_num_2 = length(img_path_list_2);

if img_num_2 > @
for pn_2 = 1:img_num_2

image_name_2 = img path_list 2(pn_2).name; % Name the images
img_origin_2 = imread(image_name_2);
I 2{pn_2} = double(img origin_2);
I_red{pn_2} =
I_green{pn_2} = double(img_origin_2(:,:,2)); % Green-channel
I blue{pn_2} = double(img_origin_2(:,:,3)); % Blue-channel

% Convert the original images into grey model
I 2 gray{pn_2}=(I_red{pn_2}+I_green{pn_2}+I blue{pn_2})./3;

fprintf('%d %s\n',pn_2,image_name_2);

end
end

%%%%%660000%%%%% Extract the Droplet in a Coloured Model %%%%%%%%%%%%67%%%%7

for k = 1:img_num_2

% Background matrices

M red{1,k} = I _red{1,k}.*12{1,k}; % Red-channel
M_green{1,k} = I_green{1,k}.*12{1,k}; % Green-channel
M_blue{1,k} = I_blue{1,k}.*I2{1,k}; % Blue-channel

% Droplet matrices
Iw_red{1,k} = I_red{1,k} - M_red{1,k}; % Red-channel
Iw_green{1,k} = I_green{l,k} - M_green{l,k}; % Green-channel
Iw_blue{1,k} = I_blue{l,k} - M_blue{l,k}; % Blue-channel
Iw{1,k}(:,:,1) = Iw_red{1,k};
Iw{1,k}(:,:,2) Iw_green{1,k};
Iw{1,k}(:,:,3) Iw_blue{1,k};

end

6%%%67600060656%%%% Extract the Droplet in a Grayscale Model %%%%7%7%%76%%%%%%%
for k = 1:img_num_2
Iw_gray{1,k} = I_2 gray{1l,k} - I_2 gray{1,k}.*12{1,k};
end
%%%%% Calculate the Standard Deviation in the Droplet Region (ROI) %%%%%

for k = 1:img_num_2

N(1,k) = 0;
121

double(img_origin_2(:,:,1)); % Extract the red-channel



Appendix C Coloured Droplet Detection

for i = 1:heightl
for j = 1:widthl
if Iw_gray{1,k}(i,j) > o % Count the points in the ROI
N(1,k) = N(1,k)+1;
end
end
end

mean_gray(1,k) = (sum(sum(Iw_gray{1,k})))/(N(1,k)); %% Average

sum_gray(1,k) = 0;
for 1 = 1:heightl
for j = 1:widthl
if Iw_gray{1,k}(i,j) > ©
sum_gray(1,k) =...
sum_gray(1,k) + ...
(Iw_gr‘ay{l:k}(i.vj) Toeee
mean_gray(1,k))~2; %% Standard deviation
end
end
end

SD_gray(1,k) = sqrt(sum_gray(1,k)/N(1,k));

end

SD = SD_gray'; %% Compute the data
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Appendix D. Function Derivation (eq. 5.6)

As described in Section 5.1.2, the total energy of the droplet contains contributions from

gravitational, kinetic, and surface tension effects:

|4

L Vv 12 (V ) (5.1b)
ZPL v? 14 H, .

;PLQHLV +

At a constant droplet volume (V), the gravity term and surface tension term corresponding to

height in equation 5.1b do not depend on the droplet width (w). However, the kinetic energy

term and surface tension term corresponding to width will depend on the width. The velocity

of the droplet’s circular motion is calculated as the angular velocity (w) multiplied by the

radius of motion of the droplet (equation 5.7), where the radius (R,,) is a function of the
droplet width (w,,) according to equation 5.5.

v =wR, (5.7)

w, = 2(R, — R,) (5.5)

Equations 5.7 and 5.5 can be combined and substituted into equation 5.1b:

1 VoV
2pLVa)R +2y<HL —> VI.1)

1
=5 spPLgHLV +
When the effective radius of the circular motion is increased from R, to R,*, the droplet

width will be decreased from w™ to w™. Minimising the increase with (Rn+ - Rn_) - 0:

i Ak 0 VI.2)
im ——= .
(Rn*-Rp")-0R," — R,

Applying equation V1.2 to equation 5.1b:

1 2yV 2vV

_ [QPLV(UZ(Rn+)2+ 4 ] [2 pLVw?(R,)* + v]v/’f]
O R.*—R =0
n —Kn )7 n n

(VI.3)

1 2 1 - 2yV 2yV
o gpVer(R) gVt R SR -TE
lim - — + lim ————=0 (VIl.4)
(Rn*—Rp™)-0 R,” — R, (Rn*-Ry)-0R," — R,
1 2 + — + — W+ —-—w-
sp.Vo“(R," +R R,"—R 2VV ——7—
lim 2 G . “)E" ”)+ dim . — W WL _ o (y1.5)
(RnT=Rp™)-0 R," —R, (Rn*-RR7)-0 R, — R,
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Appendix C Function Derivation (eq. 5.6)

Applying equation 5.5 to VL.5:

2(R,” —R,"
%pLVwZ(Rn+ +R,)(R," —Ry) 2yV ( ’;V_W n)
Jlim T — + lim T — = 0(VI.6)
(Rn* =R~ )-0 R," — R, (Rn* =Ry, )-0 R," — R,
1 —4yV
. 2 + - . _
(Rn+l—llr?1:_)—>0 [EpLVw (R, +R, )] + (Rn+l_1}r2r;_)_)ow_w+ =0 (VI.7)

At (Rn+ - Rn_) — 0, equation VL. 7 can be simplified with R,,*~R,” and w=~w:

4yV

PV Ry =~ =0 (V1.8)

ForR, > w,

R 2yD
w = \/;’ == jpyvg (5.9)
L L
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Appendix E. Work Calculation

1696%9676%696%%6 676967696 2676967 %6676 67676 Exper‘imental data 1696%96769696%6966%6 6796676967 6767696696 7676967 1676

xlsread('R3_H20 400C_1300.x1sx',3,'P5:P114"); % droplet velocity
xlsread('R3_H20 400C_1300.x1sx',3,'05:0114"); % time

\
t

696%%6760696%606 %6766 %26 %666 %6066 96%656%  CUrvVe Fitting %9626%696%%6%696 767967676767 967696 7676967696676 %676 967626
[xData, yData] = prepareCurveData( t, v );

ft = fittype( 'exp2' );

opts = fitoptions( 'Method', 'NonlinearLeastSquares' );

opts.Display = 'Off"';

opts.StartPoint = [0.717814231109959 -0.289394786552059 ...
-0.731495544445136 -1.28396380955242];

[fitresult, gof] = fit( xData, yData, ft, opts );

formula(fitresult);

coeffs = coeffvalues(fitresult);
a = coeffs(1);

b = coeffs(2);

c = coeffs(3);

d = coeffs(4);

%kt doololleds  Droplet displacement over the acceleration process %%%%%%kbkkk

fun = @(x) a*exp(b*x) + c*exp(d*x); % fitted function
s = integral(fun, min(t), max(t)); % integrate the velocity over time

%662626%6767660606%%6%6%6%62% Work done by the driving force %%%%%%%%%%%%%%%%%67%%%%%

rho_L = 958.4; % liquid density

V = 0.000000001*1300; % droplet volume
a_a = 0.48265; % measured acceleration
Ff = rho_L*V*a_a; % driving force

Wf = Ff*s; % total work

%26760606%%76760606%%76%6%6%% Energy loss by the friction work %%%%%%%7%%%%%%6%%%%%%6%%

dl = 0.104; % numerical coefficient

H_L = 0.001*%1.34*((1000000000*V-21.9)70.161); % droplet height
A = V/H_L; % top-down contact area

epsilo = 0.0005; % ratchet height

lambda = 0.00271; % average ratchet period

constant = dl*rho_L*A*(2/3)*epsilo/lambda;

fun_Fb = @(x) constant*(a*exp(b*x) + c*exp(d*x)).*(a*exp(b*x) ...
+ c*exp(d*x)).*(a*exp(b*x) + c*exp(d*x)); % friction model

Wb = integral(fun_Fb,min(t),max(t)); % energy loss

. . o
167606767606067670067606067676 60626760606 260676%676 Kinetic Ener‘gy %9676%696%%6%696 76796769667 967696 7676966969676 %656 967626

0.39; % measured terminal velocity

v_m =
E = 0.5*rho_L*V*v_m*v_m; % kinetic energy
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