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Abstract

This paper presents an experimental investigation regarding the drag and instabilities involved in free-
falling cylinders across different boiling regimes. We aim to identify the mechanisms that cause the
instabilities as well as to quantify the strength of these forces for temperatures between 25°C and 550°C.
Understanding the forces involved across boiling regimes is essential when designing sensitive
instruments, such as microelectronic devices. Cylinders with sizes in the range of tens of millimetres are
released into a vertical column filled with Novec 7000. The surface of the cylinders were engraved with
various patterns and experiments were conducted to investigate 10 topological designs, and bored-out
hollows within the cylinders forced vertical free-fall. The control cylinders were smooth, while the others
had ratchet teeth engraved on their surface. Ratcheted cylinders were manufactured in pairs to compare
ratchet directionality to identify the action of self-propulsion due to viscous friction. We find that in two-
phase (solid-liquid) free-fall, the liquid flow path over the solid surface dominates the cylinder behaviour.
We categorise three-phase free-fall by the nucleate and film boiling regimes. For cylinders that free-fall

under the nucleate boiling regime, random nucleate boiling action cause cylinders’ instabilities, while
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cylinders free-falling under the film boiling regime are stable due to a clear separation between the solid
and liquid interfaces. We thus introduce viscous friction as an important parameter within three-phase

systems.
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1. Introduction

When Johann Gottlob Leidenfrost placed water in the bowl of a glowing hot spoon circa 1756 the water
did not immediately evaporate [1]. Instead, the water levitated and became insulated by a thin film of
vapour, separating the water from the glowing spoon. We know today that a minimum heat flux exists,
since dubbed the Leidenfrost point, beyond which a heated liquid will be separated from a heat source, be
it pool or plate, by the evaporate of the heat sink [2, 3]. A similar effect is noticed for the case of
sublimation where the sublimate of a solid will levitate and insulate sublimating objects [4, 5]. The
separation achieved between heat source and sink develops a lubricated environment where the motion of
these levitating liquid droplets and solid components are virtually frictionless. Stationary Leidenfrost
articles, which we define as a system or material where one of the phases undergoes a phase-change, can
evaporate or sublimate symmetrically [6]. More typically the Leidenfrost effect results in seemingly
random motion. This motion, now known as self-propulsion, occurs due to topographical asymmetries in
either the heat source or sink which cause asymmetric vapour expulsion [7, 8, 9]. By designing
asymmetric structures within a heat source or sink, such as a ratcheted plate, the motion of a Leidenfrost
article can be controlled. Linke et al. [7] directed liquid droplets using ratcheted surfaces and found that
droplets would move “backwards” if compared to the traditional operation of a gear and pawl

mechanism. Several mechanisms have been proposed to explain this unintuitive result including



Marangoni flows [10], vapour flows induced by thermal creep [11], jet thrusts [4], and vapour
rectification [7, 12]. Self-propulsion based on viscous friction, which is the most widely studied
mechanism, has been used to explain both the motion of solids and liquids [13]. Experimental
observations [14] have been corroborated with numerical [15] and analytical models [9] to show that
asymmetries direct the vapour flow. Self-propulsion of evaporating liquids and sublimating solids occur
on various textured substrates including; ratchets [16], herringbones [12], and asymmetric microstructures
[17]. Self-propulsion can be utilised to convert thermal energy to mechanical or electrical work by taking
advantage of the translation [15, 18, 19] or rotation [20] of these objects. Effectively, the Leidenfrost
effect can be used as the mechanism to drive torque transfer from an active substance to solid components
to form a mechanical heat engine. Wells et al. [20] demonstrated a sublimation driven heat engine using
dry-ice rotation on turbine-like substrates suggesting the potential for such a device to provide an energy
resource in deep space exploration expeditions, while droplets using the Leidenfrost effect have produced
a net torque to suggest the potential for energy production in microelectronic devices [13]. An interesting
parallel to the Leidenfrost effect is supercavitation. While the Leidenfrost effect address vapour produced
by a temperature difference, supercavitation address vapour produced by pressure differences. When a
fluid flows over a bluff body in a stream, the fluid flow over the body's surface increases in velocity, and
under the right conditions, conservation of energy reduces the flow pressure surrounding the body to
cause the phase change. Like in the case of the Leidenfrost effect, the resulting three-phase system almost
eliminates skin friction drag causing submerged bodies to achieve extremely high speeds [21-24].
Supercavitation has been implemented through the Shkval torpedo which could travel through water at
more than 100 m/s [25]. Vakarelski et al. [26] demonstrated the parallels between these two physical
mechanisms by showing drag reduction caused by the Leidenfrost effect. Superheated spheres would

increase turbulence within the vapour layer, delaying the flow separation of the wake and reducing the



drag coefficient. The literature suggests promising applications of vapour separation between solid bodies
and working liquids; however, fundamental questions regarding the unstable nature of boiling remain
open. Between the two regions of stability lies a poorly defined region of instability which we aim to
describe and explain using the Euler Angles of falling cylinders. The traditional view is that the free-fall
of cylinders is largely dependent on initial drop angle, body aspect ratio, and mass centre [27]. We
propose that the viscous effect is more dominant than previously thought, as when changed through the
introduction of vapour, an initially unstable cylinder can become stable. Furthermore, the action of
cavitating bubbles, produced by either a pressure or temperature difference, near the surface of a cylinder
can destabilise an initially stable cylinder. Lagubeau et al. [4] reported the self-propelling viscous drag
force to be in the order of uN. Therefore, ratchets with lengths in the millimetre range and heights in the
submillimetre range engraved along the length of the cylinders would maximize the chances of observing
self-propulsion. Chu et al. [28] reported that a cylinder would fall vertically by separating the centre of

mass (CoM) from the centre of volume (CoV) , where y is COV — COM, in a moderately dense fluid.

2. Experimental

We hollow the cylinders out by analysing the drag forces on either side of the centre of gravity (CoG) to
give a hollow 62.5% the cylinders length and 80 - 85% its diameter (Table 1). In hollowing the cylinders,
the thermal energy any given cylinder can store is also reduced. To maximize the probability of achieving
the Leidenfrost effect for a sufficient period for a cylinder to reach terminal velocity, we chose aluminium
with a significantly high specific heat capacity among common metals but with a low enough density as
to reach terminal velocity within our column. Manufacturing ratchets into aluminium cylinders at this
scale is technically challenging, resulting in imperfect ratchet structures, especially for ratchets with teeth

of lengths between 1 — 1.1 mm. With aluminium’s melting point at ~600°C, our experimental temperature



maximum was limited to 550°C to avoid unintentional tampering of the ratchet structures. Cylinders were
individually released to fall freely in an extruded acrylic square tube column, 1500mm in length and
75mm in width and depth. A backing light 2000mm in length was used to provide contrast to the falling
cylinders. Experimental data was captured between depths of 9mm - 90mm. A guiding release shoot
controlled the initial drop angle, also ensuring true free-fall occurred only once the cylinders were
submerged (Figure 1). The guiding shoot is immersed 3 mm into the fluid and the object is released from
7 mm above the liquid interface. We use 3M™ Novec™ 7000 Engineered Fluid, which is a clear,

colourless, thermally stable dielectric fluid.



Table 1. Dimensions of cylinder design used within this experimental investigation. D: cylinder
diameter (£0.3 mm), d: hollow diameter (£0.3 mm), L: cylinder length (0.3 mm), I: hollow depth

(0.3 mm), P: pitch height (0.3 mm), h: ratchet height, w: ratchet width.

Ratchet D d L | P h w

Label Description (mm) (mm) (mm) (mm) (mm) (mm) (mm) hiw

SC1 No ratchets 10 8.5 40 27 3 N/A 0 N/A

SC2 No ratchets 105 80 40 27 3 NA 0 N/A

poLp  Lateral ratchets 0 g5 40 oy 3 1 05 2.0
facing down

ooy  Lateral ratchets o g4 44 27 3 1 05 2.0
facing up

p0sp  opiral ratchets 0 g4 L0 oy 3 1 05 2.0
facing down

posy  opiral ratchets 0 g5 g 27 3 1 05 2.0
facing up

spLp  Lateral ratchets -0 g 4, 27 3 11 05 2.2
facing down

oLy  Lateral ratchets 0 g 44 27 3 11 05 2.2
facing up

114 p Lateral ratchets ., oo 4, 27 3 57 05 11.4
facing down

114 y Lateral ratchets .0 g 4, 27 3 57 05 11.4

facing up

The relatively similar density of Novec 7000 when compared to the hollowed aluminium cylinders
(Table 2) allows relatively stable free-falls using ratcheted aluminium cylinders and the low boiling point

allows a range of boiling regimes. Data was captured at 1000 fps using a High Speed Camera (HSC)



Chronos 2.1-HD and a wide-angle lens to cover the entire 1500mm of free-fall, though our experiment

was limited by the length of the 2000mm strip which provided the contrast required.

2.1. Methodology

Seven cylinder temperatures were explored (ambient [recorded as 23 + 3 °C], 50°C, 150 °C, 250 °C, 350
°C, 450 °C, and 550 °C). Cylinders were released one after the other in the following order, SC1, 2.2LU,
2.2LD, 11.4LU, 114 LD, SC2, 2.0LU, 2.0LD, 2.0SU, 2.0SD, allowing the cylinders to reach the bottom
before releasing a subsequent cylinder Each cylinder was released and then extracted using the extraction
unit depicted in Figure 1. After each extraction, the fluid level was inspected and topped up as necessary.
K-type thermocouples, calibrated using a standard laboratory thermometer, were used to monitor the
temperature of the pool. The experiment consisted of first heating the cylinders in an electric oven (Efco
Enameling Kiln 180 KF) controlled by a PID controlled (Efco Temperature Controller TRP008 — Digital)
before removing them with the help of metal forge pincers and releasing them to fall into the column.
Existing software which could process the HSC footage led to significant errors and experimental noise.

Therefore, we present a bespoke software tool (Moxie Analyser) that can find a moving object within a

Table 2. Relevant heat transfer properties for substances used within these experiments. Properties

of given at ambient temperature and ambient pressure [29, 30].

— . Boiling/Melt L Specific Thermal
Description Density ing Point Viscosity Latent Heat Heat Capacity Conductivity
(kg/m®) (°C) (cSt) (kJ/kg) (I/kg K) (W/m K)
A'“T;)r"“m 2699 660 ] ] 900 237
Novcz::)7000 1400 34 0.32 142 1300 0.075
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Figure 1: The experimental schematic is shown at the top of the figure, where (1)-Chronos 2.1
HSC, (2)-Temperature Control, (3)-Guiding Release Shoot, (4)-Cylinder, (5)-Heater, (6)-
Extraction Unit, (7)-Power Supply, (8)-Strip Light, (9)-Oven, (10)-Controller. Also shown are

sketches and photos of the cylinder used in the experiment to illustrate the ratchet structures. .



video, track its position, and calculate physical parameters. Error! Reference source not found. shows
the initial (Error! Reference source not found.a) and final (Error! Reference source not found.b)
frames used to calibrate the Moxie Analyser for a free-falling smooth cylinder heated to 550°C. The
Moxie Analyser requires the experimentalist to insert spatial measurements used as calibration points to
convert pixels to distance values. The frame rate defines the experiment's time acquisition, and important
physical parameters are calculated with distance-time relations. An HSC decreases the time between each
data acquisition, increasing the accuracy of the calculated parameters. The tracking tool also produces a
processed image (Error! Reference source not found.d) from the original captured footage (Error!
Reference source not found.c), which shows the experimentalist the free-fall trajectory and provisional
vapour layer thickness (Error! Reference source not found. and Error! Reference source not found.).
Raw data overlapped by data produced from a robust quadratic regression algorithm built within
MATLAB removes noise from the results. Experimental iterations identify random errors and time errors
comes from the frame rate used to capture the data. Table 2 shows the physical properties of the materials
used within our experiment. Uncertainty in the measurement of depth was calculated using the initial and
final frames presented by Error! Reference source not found.(a-b), defined as £0.005 m in most cases.
The typical distance covered by measurements was 0.83 m giving a typical relative uncertainty of 1%.
The camera captures images at a 1000 + 0.005 fps, which given that a typical experiment lasted 2
seconds, results in a negligible relative error of 0.00005%. Using the calculated relative errors in
measurement, we calculate an absolute error in space (x,y) and time (t) for each frame where the cylinder
was observed. A regression was preformed using the data captured from five experimental iterations.
After calculating the absolute velocity errors, the residual errors taken from the regression were added.
Five repeated experiments help identify the random errors, giving an area of uncertainty around the

regression lines.



2.1.1. Uncertainties

Equation 1 applies “the propagation of errors” to define the errors associated to the free-fall path length.

2

dPl\* dPl
Ort (dx>y Ux+(dy>x oy #(1)

Where oy, is the absolute error in pathlength, % is the magnitude of pathlength associated with a change

in x-position, g, is the absolute error associated with the change in x-position, Z—}: is the magnitude of

pathlength associated with a change in y-position, o, is the absolute error associated with the change in

y-position. The relative error associated with path length was then calculated, which was used to calculate

the relative error associated with each calculated velocity value.

3. Results

We propose that the mechanism with which the fluid interacts with the cylinders as they fall is dependent
on whether the single phase, nucleate boiling, and/or film boiling regimes ensues. In the single-phase
regime, two phases are present — solid, in the form of the aluminium cylinder and liquid, in the form of
liquid Novec 7000. In the nucleate boiling regime, three phases are present — solid and liquid as before
with vapour, in the form of bubbles of vaporised Novec 7000. For the film boiling regime, there are also
three phases present - solid and liquid phase present as in the former two cases; however, a distinctive
layer of vaporised Novec 7000 clearly separating the two phase boundaries i.e., the solid-vapour interface
and the liquid-vapour interface. Categorizations are based on the boiling regimes observed at the terminal
velocity which does not imply a single regime was observed throughout the fall. Single phase
experiments consisted of cylinders released at isothermal conditions and cylinders released after being

initially heated to 50°C. Nucleate boiling experiments consisted of initially heated cylinders to 150°C and

10



250°C. Film boiling experiments consisted of initially heated cylinders to 350°C, 450°C, and 550°C.
Nucleate boiling was more violent and unstable, while film boiling experiments were smoother. This

means, for nucleate boiling runs

11
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Figure 2: Trajectories of free-falling cylinders at isothermal conditions. Downward facing ratchets

are more stable than upward facing ratchets. Stability decreases with decreasing aspect ratio.
Spiralling ratchets significantly disrupt stability in this regime. X symbol denotes the cylinder
12

hitting the wall.
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stable but for AR 11.4 upward facing ratchets are more stable. X symbol denotes the cylinder

hitting the wall.
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one could hear the boiling and one could visually see the regime. For the film boiling experiments, there
was significantly less auditory noise, and one could see the glint of a vapour film as the cylinders fell.
Control cylinders (SC1 and SC2) vary in CoM location caused by a difference in hollow diameter;
however, the maximum deviation of CoM concerning all the cylinders is within 5.4%. The centre of mass
is 9.30 mm and 9.81 mm from leading edge of the cylinder as it falls for SC1 and SC2 respectively. For
ratcheted cylinders the CoM is 9.98 mm, 9.57 mm, and 9.73 mm from the cylinder base for aspect ratios
of 2.0, 2.2, and 11.4 respectively. SC1 occupies 1.69 ml, compared to 2.18 ml for SC2. 2.0LD, 2.0LU,

2.0SD, and 2.0SU have a volume of 1.86 ml. 2.2LD, 2.2L U, 11.4LD, and 11.4LU all occupy 2.02 ml.

3.1. Single Phase

Figure 2 shows the trajectories of aluminium cylinders falling in Novec 7000 at isothermal conditions i.e.,
the fluid temperature and the cylinder temperature are both 25°C + 3°C. Figure 2a presents the
experimental runs comparing the effects of ratchet aspect ratio on the stability of free-falling cylinders,
while Figure 2b compares the stability of laterally orientated ratchets with ratchets that spiral upwards
like a screw. Similarly, Figure 3 shows the trajectories of aluminium cylinders falling in Novec 7000 after
the aluminium cylinders were initially heated to 50°C + 3°C. The pool remained at room temperature. The
experiments within this section consider terminal velocities between 0.651 — 0.776 m/s, at depths of
between 0.573 — 0.881 m. It takes between 0.90 — 1.50 s for cylinders falling within the single-phase to
reach these depths and these terminal velocities, (v,), see Table 3. It is clear that under single-phase
conditions, spiralling the ratchet structures causes significant instability with no experiments completing a
free-fall without colliding with the walls of the column, while 83% of cylinders with laterally orientated
ratchet structures completed the free-fall. To a lesser extent reducing the aspect ratio (AR) decreases

stability with a completion rate of 32% for cylinder with an AR of 2.2 and a completion rate of 54% for

14



cylinder with an AR of 11.4.

Table 3: A summary table with all the terminal velocities (+0.038 m/s), depths (£0.034 m), and
times to reach the terminal velocity, (v,), where cylinders were observed to fall within the single

phase regime.

Temp. SC1 SC2 22LD 114LD 22LU 114LU 20LD 20SD 2.0LU 2.0SU

p, 25°C 0708 0728 0743 0713 0757 0767 0703 0660 0721 0.718
(M) 50°c 0707 0.720 0.736 0.688 0.713 0.776 0.697 0651 0711 0.694

Depth 25°C  0.637 0.881 0.642 0.679 0.705 0.720 0573 0.616 0.587 0.656
(M se°c 0690 0.838 0597 0810 0631 0810 0582 0716 0621 0.607

Time 25°C 115 130 100 110 110 1.10 090 095 090 1.00
()  s0°c 150 120 1.10 1.40 115 145 095 120 1.00 095

3.2.  Nucleate Boiling

Figure 4 shows the trajectories of aluminium cylinders falling in Novec 7000, which remained at room
temperature (25 + 3°C.), after being heated to 150°C + 3°C. Figure 4a presents the experimental runs
comparing the effects of ratchet aspect ratio on the stability of free-falling cylinders, while Figure 4b
compares the stability of laterally orientated ratchets with ratchets that spiral upwards like a screw.
Similarly, Figure 5 shows the trajectories of aluminium cylinders after they were initially heated to 250°C
+ 3°C. Notably the cylinders in this section reach a lower terminal velocity and take longer to do so. Here
cylinders fall slower with terminal velocities between 0.390 — 0.568 m/s, at similar depths of between
0.506 — 0.817 m, taking typically between 0.80 — 2.45 s to reach their respective terminal velocities — see
Table 4. These observations suggest at the influence of the third less-dense vapour phase. In the nucleate
boiling regime we see a significant dependence on AR as cylinders with an AR of 11.4 complete all of

their free-falls without colliding with the column wall. Compare that to cylinders that have ARs of 2.2

15



where completion rates fall to 36%. Notably completion rates for these cylinders increased by 2% when
compared to their single phase counterparts. In separating the data contained in Figure 4 from Figure 5,

we see that

16
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Figure 4: Trajectories of falling cylinders at 150°C. Heating a cylinder to 150°C results in nucleate

boiling for ARs of 2.0 and 2.2. Nucleate boiling is delayed beyond the point of influencing stability

for smooth cylinders and cylinders with an AR of 11.4. X symbol denotes the cylinder hitting the

wall.
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Table 4: A summary table with all the terminal velocities (£0.030 m/s), depths (x0.053 m), and times
to reach the terminal velocity, (v,), where cylinders were observed to fall within the nucleate

boiling regime.

Temp. SC1 SC2 22LD 114LD 22LU 114LU 20LD 2.0SD 2.0LU 2.0SU

v, 150°C 0.431 0523 0544 0503 0566 0.446 0.499 0.568 0.550 0.545
(M/s) 250°Cc 0425 0514 0497 0426 0453 0415 0456 0454 0424 0.390

Depth 150°C 0.595 0.506 0.766 0.727 0.699 0.808 0.779 0.690 0.528 0.822
(M) 250°c 0667 0564 0769 0.803 0.738 0767 0523 0704 0521 0.817

Time 150°C 180 080 1.80 155 140 185 = 165 130 105 1.0
() 250°Cc 245 095 215 225 195 210 140 180 135  2.05

only 14% of the experiments presented for a cylinder with an AR of 2.2, and initially heated to 150°C, fell
without colliding with the column wall. These experiments have the lowest completion rates of the
laterally orientated ratchets. From Run 3 in Figure 4a, we can see that cylinder 2.2LD would move away
from its initial vertical position at a depth as shallow as 15cm, suggesting that instabilities arising from
nucleate boiling have an influence from near the beginning of the free fall. If we compare the results in
Figure 4 with the results in Figure 5 we see a marked increase in the overall completion rate from 33% to
62% - if you exclude the SC1 and SC2. Using cylinder 2.2L.D as a bench mark, we can see from Run 6 in
Figure 5a that the earliest deviations from vertical begin after 25cm. The observation from Figure 5
suggests that the cylinders are initially stable and begin to destabilise further down the column compared
to their cooler counterparts implying the onset of nucleate boiling as the cylinders reach their terminal
velocity — seen from Table 4. Another notable point is that within the nucleate boiling regime — spiralled
ratchets become the more stable topography, with a completion of 33% compared to 21% for the laterally
orientated counterparts. The stark difference between the results observed within the nucleate boiling

regime and the single phase regime would suggest that the bubbles produced effectively decouple viscous
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drag forces.

3.3.  Film Boiling

Figure 6 shows the trajectories of aluminium cylinders falling in Novec 7000, which is at room
temperature (25 £ 3 °C), after initially heated to 350°C + 3°C. Figure 6a presents the experimental runs
comparing the effects of ratchet aspect ratio on the stability of free-falling cylinders, while Figure 6b
compares the stability of laterally orientated ratchets with ratchets that spiral upwards like a screw. Figure
7 shows the trajectories of aluminium cylinders falling in Novec 7000 after the aluminium cylinders were
initially heated to 450°C + 3°C. The vapour film produced by the extreme temperature gradient known as
the Leidenfrost effect dramatically reduces the terminal velocities of free-falling aluminium cylinders to
between 0.251 — 0.478 m/s. The depths of these velocities are also dramatically less being achieved
between 0.300 — 0.828 m, and as one might expect — the time taken to reach terminal velocity increase to
between 0.95 — 6.45 s. It should be noted that these dramatic differences are mostly seen at a temperature

of 550°C.

Table 5: A summary table with all the terminal velocities (£0.063 m/s), depths (£0.121 m), and
times to reach the terminal velocity, (v,), where cylinders were observed to fall within the film

boiling regime.

Temp. SC1 SC2 22LD 114LD 22LU 114LU 20LD 2.0SD 2.0LU 2.0SU

350°C 0.399 0.478 0447 0416 0435 0.413 0411 0447 0412 0.405
(mis) 450°C 0.369 0.438 0377 0343 0.398 0366 0.367 0.354 0.380 0.337
550°C 0.269 0401 0374 0327 0330 0.28 0349 0.251 0.312 0.260

Depth 350°C 0.682 0627 0549 0764 0707 0781 0525 0735 0562 0819
(M) 450°Cc 0530 0511 0755 0.772 0608 0652 0647 0745 0575 0.753
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550°C 0.489 0.593 0.646 0.398 0300 0.728 0.828 0.620 0.760 0.723

350°C 270 115 185 235 205 235 155 205 160 225

Tge 450°C 255 095 300 315 230 235 245 280 205 245

550°C 395 125 530 3.05 265 4.05 6.45 420 425 3.65

For the terminal velocities, depths, and times to reach (v,) for cylinders falling within the nucleate
boiling regime — see Table 5. If we exclude cylinders SC1 and SC2, we can see from Figure 6 and Figure
5 that the completion rate for a cylinder initially heated to 350°C is 57% compared to a cylinder initially
heated to 250°C at 62%. The result suggests the presence of viscous drag from the vapour layer separating
the free-falling cylinder from the bulk fluid. Table 5 further demonstrates the result by revealing an
average difference in terminal velocity between downward facing ratchets and upward facing ratchets of
0.014 m/s in favour of the downward facing ratchets when a cylinder is initially heated to 350°C. The
average difference in terminal velocity between upward facing ratchets and downward facing ratchets
within the single phase (Table 3) reveals that drag would resist the downward facing ratchets more than
the upward facing ratchets. This result opposes the data within Table 4 and Table 5 suggesting further the
presence of viscous drag action and therefore the possibility that viscous drag within the vapour layer
causes the instabilities seen at 350°C. In combing the data presented with Figure 6, Figure 7, and Figure
8, we see that overall — the film boiling regime stabiles the spiralled ratchets to a greater extent than the
lateral ratchets with completion rates of 92% and 67% respectively. We also notice that upward facing
ratchets are more stable than downward facing ratchets with completion rates of 90% and 72%
respectively. Zooming in (Figure A2 and Figure A3) and considering Figure 6, Figure 7, and Figure 8
individually we see more evidence for the presence of viscous drag within the vapour layer. When the
vapour layer is thin, i.e., when the cylinders are initially heated to 350°C we notice from Figure 6 that
ratcheted cylinder have completion rates of 57%. Compare that to completion rates presented within
Figure 7 and Figure 8 at 88% and 96% it is clear that as the vapour layer increases the stability of the
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free-falls also increase. We also notice from Table 5 that terminal velocities for all ratcheted cylinders are
relatively consistent and comparable; however, when we compare the times taken for ratcheted cylinders
to reach terminal velocity we see significant variations, implying differences in surfaces temperatures and

therefore vapour layer thickness.
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4, Analysis

The analysis is broken down into three sections: boiling regime classification, quantifying stability, and a
discussion. Section one discusses the implications and limitations of our boiling regime classifications as
this will define the interpretation of the results. Boiling regimes are dependent on heat transfer rates
which in turn are subject to the fall conditions for each given cylinder which does not explicitly imply
cylinder temperature. Section two will aim to quantify the stability of our initial observations using Euler
angles. Euler angles describe any object orientation using a reference orientation. In this way we may

understand the stability path of our object as it moves down the column [31].

4.1.  Boiling regime classification

4.1.1. Terminal Velocity
When viewing the stability of a cylinder it is useful to understand the forces acting as it falls. The
terminal velocity enlightens us to the forces acting in the vertical direction and is defined as the first

instance the free-falling cylinder has zero acceleration i.e., 5wy

= 0. Equation (2) shows the general

equation for any free-falling cylinder. F; is the force associated with the gravitational acceleration, F,, is
the force associated with the difference between an object’s density and the medium in which it falls, and
F;, is the force associated with friction and drag. Subscripts ¢ ad v indicate that the forces are attributed to
the cylinder and the vaporised Novec 7000 respectively. F, represents the forces due to vapour
rectification over the body of the cylinder. In the case of a cylinder falling in the single-phase, F,r = 0

and (Fg — Fb)v: 0. We also assume that for smooth cylinders falling in the nucleate boiling and film

boiling regimes F,r = 0, giving
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(Fy—Fp), + (B —Fp), — Fp+ Fpr = 0 #(2)

(F—Fp) + (B —Fy), — Fp=0#(3)

rise to the general equation for a smooth free-falling cylinder and ratcheted cylinders falling within the
single-phase. In the smooth case then, any lateral instability would be caused by pressure fluctuations in
the wake behind the free-falling cylinder very much in line with the traditional approach of stability
analysis whereby viscous action at the solid-liquid interfaces create eddies and is represented by F, [28].
Similarly, for ratcheted cylinders falling within the single phase, drag force contributions would
adequately describe free-fall instabilities. Now consider the opposite extreme, cylinders falling within the
film boiling regime. Here two interfaces exist. The solid-vapour interface and the liquid-vapour interface.
In this context skin friction is eliminated and if one views the free-fall of a smooth cylinder, one could say
that instabilities arise because of form drag alone. Furthermore — the vapour layer absorbs surface
difference, which implies that the form of a smooth cylinder is equal to that of a ratcheted cylinder
(Figure A2 and Figure A3). Here then differences in stability between ratcheted cylinders and smooth
cylinders would occur because of the vapour rectification represented by F, rather than Fj as in the
single-phase case. The nucleate boiling regime introduces an altogether more complicated situation
whereby lateral motion is some part of both drag force contributions and vapour rectifications.
Furthermore, the complete image of lateral instability cannot be viewed by analysing the terminal velocity
alone. The cavitation of bubbles at the surface of the free-falling cylinder induces with them a force,

whereby the action of cavitating bubbles can both push and pull a cylinder.
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4.1.2. Time taken to reach terminal velocity

The time taken to reach terminal velocity is an important factor to consider within boiling. Consider that
our cylinders are heated only before they enter the column to free-fall. This means that the cylinders are
constantly cooling as they fall, and the time taken before regime classification implies too the energy lost
to the body of Novec 7000. Consider also that the different boiling regimes implies different heat transfer
rates. For the experiments where cylinders are initially heated to 50°C and remembering that Novec 7000
has a boiling point of 34°C, you would expect a significant amount of boiling to occur as the cylinders
enter the column to fall. We do notice boiling in these experiments, but crucially not at the point of
terminal velocity — this means the cylinders have all cooled to, or below, 34°C by the time they reach
their maximum velocity. Notice too that Figure 3a shows the only result where a smooth cylinder collides
with the column wall during free-fall in isothermal conditions whereas in the nucleate boiling regime,
54% of cylinders heated up to 150°C (Figure 4), result in collisions with the wall — 5% more than the next
most unstable experiment which happens when the cylinders are initially heated to 50°C (Figure 3). The
instabilities due to random nucleate boiling action are clear. We accept that while nucleate boiling affects
stability substantially, we aim to highlight that the mechanism of stability significantly differs with a
lubricating layer of vapour, in so far as the stability of a cylinder depends more on skin friction factors in

the single-phase regime, while in the film boiling regime vapour rectification becomes important.

4.1.3. Depth at which terminal velocity occurs

The depth at which terminal velocity occurs also holds significance when viewing the boiling regimes.
Consider that vapour forms in two ways — through a temperature difference and a pressure difference. We
understand that the boiling point of Novec 7000 in atmospheric pressure is 34°C; however, with a

difference of 0.050 m below the surface, the surrounding pressure varies by an additional 686.7 Pa, which
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implies that the boiling point of Novec 7000 varies also. Consider then Figure 3, and compare the depths
of cylinders 2.0LD and SC2, which reach their terminal velocities at 0.582 m and 0.838 m respectively.
One might feel compelled to assume that both 2.0LD and SC2 are below 34°C as at terminal velocity —
the single-phase regime was observed; however consider that the increased depth also increases the
boiling point of Novec 7000. Without a well-defined phase diagram for Novec 7000, we cannot make

accurate assumptions regarding the temperature of a cylinder based on boiling regimes alone.

4.1.4. Cylinder Temperature

Having the time of the fall, the mass of the cylinder, and the heat capacity, one can guess the evolution of
the temperature of the cylinder and therefore discuss further the boiling regimes. Here we present a
qualitative discussion about the thermal side of the cylinder as it is cooling down during the fall. Consider
first the single-phase regime. Heat energy from the cylinder would be lost to the bulk fluid via conduction
at the solid-liquid interface. Convective action caused by the motion of the cylinder would then accelerate
cooling further by maintaining the maximum possible temperature gradient between the cylinder and the
fluid. Observing nucleate boiling on the surface of the cylinder indicates that the temperature difference
between the cylinder and the bulk fluid is significant, in so far as heated molecules of fluid gain enough
energy for phase-change before the motion of the cylinder, and therefore convective action, forces too
great a distance between the heated molecules and the cylinder. What separates nucleate boiling from film
boiling is the regions in which boiling occurs. Nucleate boiling occurs only in specific zones, known as
nucleation sites. On a given substrate, nucleation sites can trap molecules in so far as they are unable to
escape before they gain sufficient energy for phase-change, while other zones on the substrate are not able
to transfer the energy required for phase-change before the molecules move far enough away from the

walls of the cylinder. In film boiling, phase-change is more distributed and occurs frequently enough over
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the surface of the cylinder for vapourised bubbles to collide and coalesce forming a layer of vapour
between the solid cylinder and the build liquid fluid. In nucleate boiling, bulk liquid is in direct contact
with the solid cylinder, all be it to a lesser extent when compared to the single-phase case; however, the
increased temperature difference, increases too the rate of heat transfer from the cylinder to the bulk fluid
when compared to the single-phase case. Additionally, the vapourised bubbles of Novec 7000 also
contribute to the convective action adding to the convective action caused by the motion of the cylinder.
With this, for both the nucleate boiling and single-phase cases we assume the maximum temperature
gradient possible i.e., cylinder temperature minus the fluid temperature which is constant at 25°C + 3°C
for all experiments. For film boiling experiments, there exists a vapour layer between the cylinder and the
bulk fluid. Here conduction occurs at the solid-vapour interface from the cylinder wall to the vapourised
Novec 7000 and then at the vapour-liquid interface from the vapourised Novec 7000 to the liquid Novec
7000. We assume that vapour remains at the boiling point of Novec 7000 and assume that convective
action occurs within the liquid Novec 7000 such that it remains at 25°C as discussed with the single-phase
and nucleate boiling cases. Effectivity the vapour layer then acts as a wall separating the cylinder from
the liquid Novec 7000 (Figure A2 and Figure A3). We may predict the heat transfer rate by calculating
first the overall heat transfer coefficient and then applying the genera; heat transfer rate equation,

4.2.  Quantifying stability

To quantify stability using Euler angles we must first define the reference orientation to which the angle
relates. In this paper we say that the reference orientation is an upright cylinder i.e., the tip of the leading
edge and the centre of the trailing end lies on the axis that describes the length of the column (Figure B3).

We further define the length of the column as the y-axis and the width of the column as the x-axis. The
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depth of the column, uncaptured by our camera angle is represented by the z-axis. We set the origin of
each measurement at the CoV of the captured cylinder. We call the angle made between the cylinder and
the x-axis angle a. The angle between the cylinder and the y-axis is angle $, and the angle between the

cylinder and the z-axis is angle y. A full explanation can be found in Appendix B and C.

4.3. Discussion

Table 6: Summary of experimental run completing for single-phase and film boiling results. The

results have been normalised for comparison.

Initial Cylinder ¢~ oo 221D 114D 22LU 114LU 20LD 20SD 2.0LU  2.0SU
Temperature

25°C ngepmas) 100 057 071 014 043 100 083 000 083  0.00
50°C eeenong  0.86 043 029 014 071 100 083 000 083 0.0

150°C (ucteate boiting) 1.00 0.00 1.00 0.29 1.00 1.00 0.00 0.17 0.00 0.17
250°C (nucteste boiting) 1.00 0.43 1.00 0.71 1.00 1.00 0.67 0.33 0.17 0.67

350°C (itm boiting) 1.00 0.00 1.00 0.43 1.00 1.00 0.00 0.67 0.50 1.00
450°C (fitm boiling) 1.00 0.57 1.00 1.00 1.00 1.00 0.67 1.00 0.83 1.00
550°C im poiing) 1.00 0.86 1.00 1.00 1.00 1.00 1.00 0.83 1.00 1.00

4.3.1. Isothermal conditions (25°C)

Introducing ratchet structures introduces with them instability. Comparing lateral ratchet structures, we
see that in isothermal conditions, upward facing ratchets result in fewer completed runs; however, as
aspect ratio increases — this trend reverses (Table 6). Comparing laterally orientated ratcheted cylinders
with aspect ratios 2.0 and 2.2 we notice a greater stability in the smaller aspect ratio; however, the reader
is encouraged to consider the differences in design between these cylinders. 2.0LD and 2.0LU, weigh 4.2
N less than 2.2LD and 2.2LU. Additionally, the distance between the CoV and the CoM for 2.0LD and
2.0LU is 11.92 mm compared to 12.16 mm for 2.2L.D and 2.2 LU implying the former pair is less stable

than the latter pair [28]. The additional weight results in a difference in terminal velocity of 0.050 m/s.

_Vg(pe = pr)

C, =
d 0.5mp v, 12

#(4)
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Using equation (4), where V' is volume, g is gravitational acceleration, p. is the density of the cylinder, p,

is the density of the bulk fluid, v, is the terminal velocity, r is the cylinder radius, and C; is the drag
coefficient, we see that the increase in terminal velocity results in a decrease in drag coefficient C4 of 0.1.
When we compare the lateral orientation of the ratchet structures with the spiral orientation of the ratchet
structures, we notice a remarkable difference with no completed runs for either upward or downward

facing ratchets when spirally orientated.

4.3.2. Film boiling

The addition of vapour brings with it stability and the thicker the vapour layer the more stable the free-
falls become. For an aspect ratio of 11.4, free-falls become as stable as if the cylinders were smooth. For
aspect ratios of 2.0 and 2.2 we see that downward facing ratchets are the more unstable, reversing the
trend seen in the isothermal case. Similarly, in comparing laterally oriented ratchets with spirally
orientated ratchets we notice that spirally oriented ratchets complete more runs than laterally oriented
ratchets — reversing the trend seen at isothermal conditions again. For the cylinders initially heated to
450°C and 550°C we propose that equation (3) can be used to define the drag force adequately as the
vapour layer reduces the instabilities caused by the ratchet structures. For the cylinders initially heated to
350°C we suggest that equation (2) must be used as describing the instability as using a drag force
contribution alone under defines the system. We propose that the force associated with viscous friction
must be included, as is the case with equation (2), to describe systems of three phases or more as the

vapour rectification in our cases drastically change the outcome of the free-falls.

5. Conclusion

A purpose-built experimental rig investigates the influence of the Leidenfrost effect on the stability of
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free-falling ratcheted cylinders. Ten cylinders were each released to fall freely in an extruded square tube
filled with Novec 7000. To force cylinders to fall vertically — their Centre of Mass (CoM) was below their
Centre of Volume (CoV), achieved by hollowing them out. To investigate aspect ratio we used a hollow
54% VIV and for our investigation of spirally oriented ratchets against laterally orientated ratchets we
used a hollow of 56% V/V. In isothermal conditions, cylinders reached an average terminal velocity of
0.714 m/s, slowing down to 0.479 m/s and 0.365 m/s in the nucleate and film boiling regimes
respectively. Smooth cylinders are significantly more stable than ratcheted cylinders across all boiling
regimes achieving an overall completion rate of 98.98%. In isothermal conditions, for small ratchet ARs,
downward facing ratchets result in greater stabilities with completion rates of 57% compared to
completion rates of 14% for ratchets which are oriented upwards; however, as aspect ratio increases this
result changes where upward facing ratchets are 29% more stable. Within isothermal conditions,
orientating the ratchet structures so that they spiral upward along the length of the cylinder disrupts the
stability when compared to orientating them laterally, with no completed runs for spirally orientated
ratchets compared to an 83% completion rate for laterally orientated ratchets. The nucleate boiling regime
is the most unstable situation for ratcheted and smooth cylinders. We propose that cavitating action
pushes and pulls the cylinders in an unpredictable way. Introducing a vapour layer changes the stability of
free-falling ratcheted cylinders but leaves smooth cylinders unaffected. Where downward facing ratchets
increased stability in the single-phase regime, upward facing ratchets are 18% more stable in the film
boiling regime. Similarly, where laterally orientated cylinders were more stable in the single-phase
regime, spirally orientated cylinders become 25% more stable. As aspect ratio increases, film boiling
eliminates instabilities associated with the ratchet structures. We propose that ratchet structures rectify the
vapour flow within the vapour layer resulting in viscous drag forces that alter the stabilising action of

free-falling cylinders. Additionally, we find that as the thickness of the vapour layer increases, the
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influence of the ratchet structures decreases suggesting that there exists a limiting thickness to which
vapour rectification remains relevant. We aim to quantify the instability of these viscous drag forces using

3D Euler angles which we achieve using a bespoke software tool.
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Nomenclature

2.0LD Laterally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 2.0, where h = 1.0 mm and w =

0.5mm

2.0LU Laterally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 2.0, where h = 1.0 mm and w =

0.5mm

2.0SD Spirally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 2.0, where h = 1.0 mm and w =

0.5mm
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2.0SU

2.2LD

2.2LU

11.4LD

11.4LU

Ap

AR

Spirally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 2.0, where h = 1.0 mm and w =

0.5mm

Laterally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 2.2, where h = 1.1 mm and w =

0.5mm

Laterally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 2.2, where h=1.1 mmand w =

0.5mm

Laterally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 11.4, where h =5.7 mmand w =

0.5mm

Laterally orientated ratcheted cylinder with the flat side of the ratchets facing downward
during free-fall and a ratchet aspect ratio (h/w) defined by 11.4, where h =5.7 mm and w =

0.5mm

Matrix associated with the rectangle found to represent the projected area of the cylinder
Rotated matrix associated with the projected area of the cylinder

Projected area of the cylinder, m?

Aspect Ratio
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fps

HSC

Pl

Px

SC1

Matrix associated with the binary image using a threshold of 25.

The diameter of a smooth cylinder, excluding the length added by the ratchet widths, m
Maximum possible projected area of the cylinder, m?

Diameter of the hollow within a free-falling cylinder, m

Force, N

Frames per second

High-speed camera
Ratchet height or parallel length concerning the cylinder length of the engraved ratchets, m

The length of a cylinder, measured from the base of the cylinder to the base of the cone

surmounted at the leading end, m

Depth of the hollow within a free-falling cylinder, m

The pitch of the surmounted cone, or height of the cone, m
Path length of free-falling cylinder, m

Number of pixels within a matrix that is greater than zero to represent the projected area of

a free-falling cylinder digitally.

Cylinder radius, m

Smooth cylinder used as a control for the investigation concerning the influence of aspect

ratio
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SC2 Smooth cylinder used as a control for the investigation concerning the influence of

spiralled ratchet structures

t Time, s

v Velocity, m/s

Vv Volume, m®

W Ratchet width or perpendicular length concerning the cylinder length of the engraved
ratchets, m

X Axis associated with the width of the column

y Axis associated with the length of the column

z Axis associated with the depth of the column

Greek Symbols

a Angle of the cylinder to the x-axis

B Angle of the cylinder to the y-axis

y Angle of the cylinder to the z-axis

p Density, kg/m®

o Absolute error
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Subscripts

b Buoyancy

c Cylinder

D Drag

f Fluid

g Gravity

Pl Path length of free-falling cylinder, m

t Terminal velocity

VF As associated with the viscous friction force
Vv Vapour
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List of Figure Captions

Figure 1: The experimental schematic is shown at the top of the figure, where (1)-Chronos 2.1 HSC,
(2)-Temperature Control, (3)-Guiding Release Shoot, (4)-Cylinder, (5)-Heater, (6)-Extraction Unit,
(7)-Power Supply, (8)-Strip Light, (9)-Oven, (10)-Controller. Also shown are sketches and photos of
the cylinder used in the experiment to illustrate the ratchet Structures. ..........cccccoovvviininie e 8
Figure 2: Trajectories of free-falling cylinders at isothermal conditions. Downward facing ratchets
are more stable than upward facing ratchets. Stability decreases with decreasing aspect ratio.
Spiralling ratchets significantly disrupt stability in this regime. X symbol denotes the cylinder
RITEING T WAL ... et e et e b e e et e e be e e rb e e sbeeanbe e reeennee e 11
Figure 3: Trajectories of free-falling cylinders at 50°C. Nucleate boiling results in the only unstable
smooth cylinder and spiralling disrupts stability. For AR 2.2, downward facing ratchets are more
stable but for AR 11.4 upward facing ratchets are more stable. X symbol denotes the cylinder
RITEING T WAL ... et e e e b e st e e te e et e e saeeanbe e teeenree e 12
Figure 4: Trajectories of falling cylinders at 150°C. Heating a cylinder to 150°C results in nucleate
boiling for ARs of 2.0 and 2.2. Nucleate boiling is delayed beyond the point of influencing stability
for smooth cylinders and cylinders with an AR of 11.4. X symbol denotes the cylinder hitting the
1Tz L O T T TSSO P PP P TP PT PP PPPRPPPPPN 15
Figure 5: Trajectories of free-falling cylinders at 250°C. Nucleate boiling is initially delayed with
the presence of film boiling at the onset. Larger surface areas lead to faster cooling where cylinders
with AR 2.0 and 2.2 giveaway to nucleation instabilities. X symbol denotes the cylinder hitting the
WAL bR bR Rttt E bbbt 16
Figure 6: Trajectories of free-falling cylinders at 350°C in the presence of film boiling. Trends

observed at isothermal conditions are here reversed. Spiralled cylinders are more stable and
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downward facing ratchets are less stable than upward facing ratchets. X symbol denotes the
cylinder NITLING The WAL .........ooeeieee et reesteeneesreenee e 20
Figure 7: Trajectories of free-falling cylinders at 450°C. As the vapour layer thickens around the
cylinders — topological difference in surface finish become increasingly irrelevant. Only cylinders
2.2LD, 2.0LD, and 2.0LU retain free-fall instabilities. X symbol denotes the cylinder hitting the
1Tz L ST SUTP S TP PP PP PRURPRPPIN 21
Figure 8 Trajectories of free-falling cylinders at 550°C. The Leidenfrost effect renders all
topological differences to null. The apparent instability associated to 2.2L.D and 2.0SD are due to
viscous drag effects that pull the cylinders up and laterally. X symbol denotes the cylinder hitting

BB WAL et nnnn 22
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Highlights

e The stability of a cylinder is dependent on both temperature and surface topography.
e Smooth cylinders are 98% stable across all boiling regimes.

e Ratcheted cylinders are 42% stable under no boiling while film boiling increases stability by
39%.

¢ Nucleate boiling reduces stability by 5% for ratcheted cylinders.

e Ratcheted cylinders remain 57%, 88%, and 96% stable for initial temperatures of 350°C, 450°C,
550°C respectively.





