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Abstract

Droplets climbing up an asymmetrical saw tooth surface heated up to 400 degrees
Celsius is investigated. The moving direction of water droplets is always against the
long segment of the saw tooth. An analogous experiment shows that a gradient of
evaporation rate along the droplet does affect motion of droplets and can be regarded as

a driving mechanism.

As the droplet touches the hot surface, a thin vapor layer is formed around it,
slowing down heat transfer. This provides sufficient time for the droplet. By
experiments done, two models are proposed to explain the climbing phenomenon. One
is force due to vapor pressure exerted by vapors under the droplet. The other is friction
due to vapors’ flowing under the droplet. Basically, the vapors are driven by a gradient
of vapor pressure resulted from a gradient of evaporation rate along the droplet. By
observing the internal flowing of water droplets, the second model is confirmed. In
particular, when the two models go with the asymmetrical saw tooth surface, droplets

are able to climb against gravity.
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Self-propelled Energy Resource from Geometrical Symmetry Breaking

Abstract

A thin vapor layer that has a critical thickness can be used to insulate a droplet of
liquid from a hot surface underneath, significantly reducing the evaporation rate of the
droplet and providing an opportunity to study the flow of the liquid inside the droplet.
In the case of a water droplet, the critical thickness can be as thin as 0.1 mm to insulate
the droplet from a 400-°C hot plate. A self-propelled engine, which consumes the
atomic binding energy of the molecules, can be manufactured by breaking the
geometrical symmetry of the droplet. This self-propelled engine is demonstrated by
setting the droplet to climb against gravity on an inclined plate with an asymmetrical
saw-tooth surface. An edge can also trigger the self-propelled machinery to generate
damped oscillations of a liquid droplet that is moving on the inclined hot plate. The
driving force behind the self-propulsion effect is identified to be based on the
circulating liquid that creates vortices. Creating an uneven distribution of dynamical

liquid vortices in the droplet is the key to triggering the self-propulsion.
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Introduction

It 1s known that a liquid droplet can stand on an extremely hot plate for a long
period of time, after a vapor layer forms underneath. This layer limits heat transfer
between the droplet and the hot plate [1-3]. A self-propelled engine that consumes the
atomic binding energy can be manufactured by breaking the geometrical symmetry of
the droplet. In this study, a self-propelled engine of this type is demonstrated by setting
the droplet to climb against gravity on an asymmetrical saw-tooth surface. The same
self-propelled machinery can also be triggered by edges to generate damped oscillations

of a droplet on a hot smooth plate.

Motivation

I was first aware of the Leidenfrost effect from my initial internet research and
became more and more interested as I continued to gather more information. As it turns
out, numerous scientists have studied this effect. Indeed, a preferred direction of
movement of a droplet that is placed on a ratchet-like surface has already been
discovered by scientists Linke etc [1]. To test for this effect, I came up with the idea of
binding saw blades together to form the mentioned kind of surface. Fortunately, this

method works, thus allowing for further study.
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Materials and Methods

In this study, several systems are designed, including saw blades and an aluminum
bar with single notch. First, I am going to describe how the saw blade systems are

set-up and then how the aluminum bars are used.
I Saw blade systems

Based on the requirements of different experiments (Fig. 1), the saw-tooth profiles

are made using different methods, as shown below:

Types of experiments Devices

Test study bound saw blades

Initial/Quantitative study about how the profile | bound aluminum chips/processed
of the saw-tooth affects droplet motion saw-tooth surfaces

Fig. 1 A table shows devices used in different types of experiments.

1 Bound saw blades

To form a saw-tooth surface profile for the droplets to stay on, fifteen saw blades
(Fig. 2a) are bound together (Fig. 2b). Subsequently, the system is heated up with a gas

stove (Fig. 2¢) and the motion of droplets is recorded using a high-speed camera.

Fifteen saw
blades

Fig. 2 (a) A side view of
a single saw blade, (b) a
top view of saw blades
. bound together and (¢)

the whole apparatus
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2 Bound aluminum chips

To initially check if the asymmetrical saw-tooth profile plays a big role in droplet
motion, several aluminum chips are bound together (Fig. 3). By controlling the distance
between any two aluminum chips, the ratio of the two segments is then manipulated to

be 1, 1.5 and 2.

Fixed short segment Tmm

3 Processed saw-tooth surfaces

For further study, several aluminum bars are milled by a machinist (Fig. 4). Based
on the profile I have in Fig. 2a (dark section in Fig. 4), the short segments are fixed at
0.65 mm while the long ones are each fixed at different lengths of 1.2, 1.4, 1.6 and 1.9
mm (dotted line in Fig. 4).

.::*""”‘I Fig. 4 A schematic drawing shows the milled-saw
i i i blades with dotted lines to indicate the saw-tooth

Short t0.65 . .
SESHHER S surfaces with various profiles.
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II  An aluminum bar with single notch

To study how the gradient of evaporation rate along a droplet affects its motion, a
notch is milled on to an aluminum bar (Fig. 5) by a machinist. In this study, the bar is

then heated up by a hot plate.

epth

Fig. 5 Side views of an aluminum bar which has a notch with arrows
to define the width and the depth of the notch

Overall, the plate temperature is measured by a thermocouple. For data analysis,
several software programs are used, including Tracker-the video analysis and modeling

tool, Corel VideoStudio and Ulead GIF Animator.
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Results and Discussion

The contents below contain: I Phenomena at a glance, II Critical parameters, I11

Self-propelled engine, and IV Damped bound state.

I Phenomena at a glance
Two interesting phenomena are found in this study, as shown below:

1 Climbing against gravity

First, a preferred movement of droplets is observed on the saw blade which is heated
to ~300 °C (Fig. 6). Furthermore, droplets can climb spontaneously on the inclined

surface with speeds of up to 20 cm/sec.

In addition, as the droplet moves into the colder region of the blade, it blows up. This
indicates that the temperature of the surface is critical for the climbing phenomenon.
Fig. 6 Superimposed

photos of a droplet that is
climbing against gravity

2 Deformation and oscillation

Pulled by gravity, a droplet placed on the aluminum bar first slides down.
Surprisingly, as the droplet touches the notch on the bar, it bounces back to where it was
first placed instead of sliding down (Fig. 7). Amazingly, the oscillations last around 30

seconds.

Fig. 7 Superimposed photos of a droplet that is oscillating on a hot, smooth surface
with arrows to indicate the sequence

32



II  Critical parameters

To create the conditions that make the anti-gravitational effect possible, several
parameters listed below are needed, including heat shielding as well as uneven vortices

within the droplet.

1 Heat shielding

Based on the Leidenfrost effect (also called a film boiling effect) [2], a critical
plate temperature is crucial for a vapor layer formation (Fig. 8b). This layer insulates
heat transfer from the hot surface, thus providing sufficient time for the droplets to

avoid boiling off.

Normally, the temperature at which an operative layer forms is defined as the
Leidenfrost point. Actually, this point varies a lot (Fig. 8a) depending on the liquid

boiling point and the quality of the surface (e.g. heat transfer coefficient, roughness etc).

It 1s known that the thickness of the vapor layer is positively correlated with the
plate temperature within a state called transition boiling [3]. As the droplet moves into
the colder region of the plate, a thinner vapor layer may not protect the droplet as

operatively, thus leading to an unstable droplet conformation (Fig. 8c).

6 500 F T T T T = b
= L (a) bound bound saw (b) Droplet
E 400 L aluminum blades | _—
‘o | processed saw- chips Vapeor layer
o tooth surface L .ﬂ——l-
= J00r _ |
g | aluminum
bar

= 200f ]
c
@
S 100t |
4]
-l

0 200 »C processed saw*

Devices used
Fig . 8 (a) The Leidenfrost points found for a 25 oC-water droplet placed on
various devices, (b) the vapor layer underneath a droplet and (c) an unstable
conformation of a droplet on a 200 oC processed saw blade
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2 Uneven vortices

By controlling the ratios of the two segments to be 1, 1.5 and 2, I found that the
droplets on a symmetrical saw-tooth surface move in a random direction (Fig. 9a) while

the ones on the asymmetrical surface move against the long segments (Fig. 9b).

Interestingly, an uneven dumb-bell shape of circulating liquid droplets is observed
on the asymmetrical surface (Fig. 9¢). This shows that the symmetry of the droplet is
broken, which is that kindles my interest to study the flow dynamics of droplets in later

experiments.

Fig. 9 (a), (b)The conformations of droplets on symmetrical and asymmetrical
saw-tooth surfaces as well as (c) a red ink droplet with an uneven dumb-bell shape
on asymmetrical saw-tooth surface
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IIT Self-propelled engine
In this section, I aim to study the dynamical vortices within the droplets.
1 Dynamical vortices

To observe the dynamics, pepper particles were introduced into the droplets as a
tracer. Surprisingly, liquids in the two bells are circulating separately, each along a
horizontal axis but in opposite directions (Fig. 10a, b). In addition, the angular speeds of

the large and small vortices are typically o;= 20.1 and w; = 22.5 & rad/s, respectively.

{(a) t=0ms t=17 ms t=34 ms ()
~ . =)
e g AR &
— —
(b} t=0ms t=34ms t=48ms
-
Fomilfi= Wa . gy

Fig. 10 (a)a;) Internal flows of th_e‘l-a-r.ge and the small ;/ortices of a droplet as well as
(c) the uneven vortices formed within a droplet

Further, the uneven vortices are inferred to be based on an imbalance of forces on
the two segments that results from the vapor pressure underneath the droplet. As the
liquids flow through the interface between the droplet and the saw-tooth surface, a
tangential force triggers the vortex as a whole. Since the two vortices flow in opposite
directions, they orderly provide a driving and a drag momentum for the droplet. That is
to say, according to the speed and volume differential between the two vortices (Fig.
10c¢), a net driving momentum is generated for the droplets to roll towards the larger
vortex side. On the contrary, vortices that have the similar speed and volume cannot
generate a large enough driving momentum, thus causing movement in a random

direction.
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2 Dynamical competition

For further confirmation, I captured the climbing speed V" as well as the circulating
speed of the large vortex ®; during the climbing effect that occurs on saw-tooth surfaces
with various A/B ratios (Fig. 11). The climbing speed is first increased whereas it is
saturated as the angular speed is increased further. Moreover, by fitting the data, the

saturation follows the Langevin profile and the equations below:

L
V=V, coth(x)——| ; x =(m /a
0( (x) x'] ( 1/ o )ﬁ
Where V' is the climbing speed of a droplet, V is the highest climbing speed
obtained from the data fitting, ®; is the angular speed of the large vortex, wy is a

dragging parameter of ~ 5.7n rad /s and P is a fitted exponent of ~ 3.7.

This shows that the phenomenon can be described by a driving parameter ®; from
the large vortex and a dragging parameter ®; from the small vortex and friction. By
inference, it is the kinetic energy associated with the vortices that drives the motion of the

droplet.

In general, the kinetic energy for a rigid rotator is known to be proportioned to /a7
Based on an exponent of B = 3.7 obtained from the data fitting, the circulation of the

liquid vortex can be described by an effective moment-of-inertia of 7 oc '

0 x
o
§ 10t ]
2 Red ink droplet, 40 pl
o 8+ 2°.inclined processed .
% saw-tooth surface at 300 °C |
o 6l various A/B ratio | Fig. 7 Variations
'E 015x%x 22425029 of the climbing
E 4 M speed with the
© angular speed of

5 10 '1I5 20 25 30 thelarge vortex.
Angular speed o (n rad’s)
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3 Thermal perturbation

In this experiment, the climbing speeds of water droplets at various initial
temperatures are recorded. As results shown in Fig. 12, the climbing speed reaches
equilibrium at ~0.04 s and is found to be significantly reduced as the temperature of the

droplets approaches the boiling point, which indicates that the boiling effect thoroughly

disturbs the vortices. — . .

——0°C
—0—60°C
—e—30°C

==
[=2)
—

In particular, for droplets of

=
%)
T

0
=
2,
- —0—100°C
temperatures ranging from 20 to & I 1
o L
o . w 8-
80 °C, a great reduction of speed gy | 1
c L
appears before it stabilizes. This o 4r
pp . £ I Water droplet, 40 pl 7
- r 2°-inclined bound saw blades at 400 °C
shows that the drag momentum O 0 ¢ . ,
0.00 0.05 0.10 0.15
from the smaller vortex stabilizes Duration (s)
later. Fig. 12 A chart shows the climbing speed of

water droplets at various initial temperatures.
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IV Damped bound state

The interactions between the edges on the bar and droplets of various sizes are the

focus of this section, as shown below:

1 Single trigger

Wonderfully, as the droplet touches an
edge of the bar, it deforms and evaporates more
violently than sliding on the smooth surface.
This effect is realized in the form of a sizzling
sound as well as a visible puff of steam
surrounding. After that, the motion of the
droplet reverses, which is triggered by an

observed clockwise vortex (Fig.13).

2 Double trigger

e
B
ﬁﬂ‘

Fig. 13 Photos indicate a small
droplet which is triggered by a
sharp edge.

Based on a larger degree of deformation needed, droplets larger than 50 pl require

two edges on the bar to be triggered. Furthermore, pepper particles are placed into the

red ink droplets again. Surprisingly, the pattern of flowing liquids (Fig. 14) is observed

to be very similar to the one in the saw blade system. Based on the driving momentum

from the large vortex, the oscillations are then explained.
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of (a) the larger and (b)
the smaller vortices of
ared ink droplet on a
2°- inclined hot smooth
surface at 200 °C



3 Energy resources

In this section, I analyzed the S
droplet oscillations on the

notched-aluminum bar and observed that

the oscillator damps simultaneously with | Red ink droplet

L 651,25 ¢C,
3t 2%inclined Plate at 200 °C

a reduction in its own mass (Fig. 15).

Diameter (mm)

This damping may be due to the

capability-reducing vortices within the
droplets that accompany the mass

reduction. In addition, this reduction

could also be regarded as an energy

Displacement (cm)
—'LI _ IMI I

B L
—

T LA
resource for triggering the droplets 0 5 10
Duration (s)
because the atomic binding energy is Fig. 15 Charts showing (a) a mass
reduction and (b) damped
released as the liquid droplet evaporates oscillations of a red ink droplet

into vapor.
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Conclusions

A supporting vapor layer underneath a droplet protects it from being violently

evaporated for a self-propelled engine of water droplets on a hot surface.

The key is to produce two uneven liquid vortices that are circulating about

horizontal axes in opposite directions and at different speeds.

It’s the chemical energy released from evaporation that provides the energy for

vortex circulation and droplet motion.

Vortices instability from local turbulence can significantly reduce the

self-propulsion capability.
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Potential Application

This engine can be applied in the real world to deliver cold liquids into the remote
or hard-to-reach cores of hot sources for temperature control or emergency cooling of

the cores at specific spots.
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