From wetting and evaporation
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Drops are everywhere

5]
w
]
5
a
8.
5
a3
&
I
@
o
g
.

20 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Sea surface temperature (deg C)




Contact lines and multiscales

Figure 2. Snapshots of the droplet spreading process at (a) ¢/t = 5000, (5) 10000, (c) 15 000,
(d) 20000. Particles in the precursor region in (a) are marked with a dark colour such that
their subsequent motion can be tracked. The caterpillar-type motion first reported by Dussan

V. & Davis is observed, as well as slipping motion close to the tip of the precursor. James Clerk Maxwell
Scotland (1831 - 1879)
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Leidenfrost Engine

Drop AND Evaporation



1. Effect of Substrate Thermal Properties On Drop Evaporation

A new dimensionless number for the effect of substi

thermal properties

Journal of Fluid Mechanics.
p. 329-351, 2009.
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2. Instabilities and Hydrothermal waves in drops

Sefiane et al., APPLIED PHYSICS LETTERS, 2008, 93, 074103

Water (b. pt. 100°C): weak thermal activity
19.2°C
734

L 22
L 20
L 18
L 15
FC-72 (b. pt. 56°C): convective rolls

Methanol (b. pt. 64.7°C): thermal waves k=6 o=0.145
k=9, a=0.064+0.088i

2200

15.2°C

k=3, a=0.022

a) Re=100, Pr=1, t=2.5
b) Re=100, Pr=1, t=25 ) Re=20, Pr=7, t=125

Imperial College

London Langmuir, 2012, 28 (31), p 11433-11439



Temperature (deg C)

Effect of humidity on HTW in
sessile drop evaporation
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Langmuir, 2013, 29 (43), pp 13239-13250

FC72 Droplet on the Silicon Wafer (Time = 0.000 sec)
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3. Lifetimes of drops..?

WWW . livescinom

J. Stauber!  S. K. Wilson!  B. R. Duffy!

K. Sefiane?

_ _ 25Ch°°|_ of Engineet:ing IDepartment of Mathematics and Statistics
University of Edinburgh, Edinburgh, UK University of Strathclyde, Glasgow, UK
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...with evaporation?

\ 1 7/
\\9 R//

o

— —
- T - =~ ~

/’ \\ /’ \\
, /\ ~ N

i

@ constant? or? R constant?

Which mode leads to faster evaporation, i.e. shorter lifetime?



Stick-slip Mixed (M) Mode
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Nguyen et al, Chem. Eng. Sci., 2012, 69, 522-529

Nguyen and Nguyen (2012): Transition angle 6%, such that
» For: 0 < 6 < 6*: Constant Angle Mode
» For: 0 < 0 < 7: Constant Radius Mode
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Modelling stick-slip behaviour of evaporating sessile drop
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Stick phase: contact
radius, R, Is
constant, contact
angle, #, decreases to
0 min, constant.

Slip phase (instant):
R decreases, ¢

Increases to 6,4y,
constant.

Drop: Spherical cap

Diffusion-limited
evaporation model
with arbitrary contact
angle 0 <0 <7



Diffusion-Limited Model (e.g. Popov 2005)

» Spherical cap:

TR3 sinf(cos ) + 2)

V =
3 (1+cosf)?
» Evaporative flux:
J(r) _ D(Csat.R_ Cx) {% sin @ + '\/§(COSh o+ Cos 9)3/2
> 7 cosh 01
* o coshrmr tanh [7(m — 0)] P_y )54 - (cosh a)d7 |,

where P_j 5 (cosh ) is the Legendre function of the first
kind of degree (—1/2+ i7) and argument cosh o and

R sinh o

cosh o + cos @

yF =



Diffusion-Limited Model: Evaporative Flux

2 A
4.0 A 4 1.0}




Rate of Loss of Volume

Diffusion-limited model:

dv 1 /JdA _ - TRD(caat — ) g(6)

At p p (1 + cos #)?
where
0 > cosh® 0
g(0) = (1 + cos 19)2{ tan (§> + 8/0 ;(;Sh 27; tanh [T(m — 0)] d'r}

A: surface of the drop
D: diffusion coefficient of vapour in the air
p: density of fluid

Csat: (saturated) vapour concentration at the interface
C~o: Vapour concentration far from the interface

TR3 sinf(cos b + 2)

V= 3 (14 cosh)?




Droplet Lifetimes

» Constant Radius (CR) Mode:

fo 2(1 + cos bp)? 2/3 /9” 2 df
“H 7 sin to(cos b + 2) o &(6)

» Constant Angle (CA) Mode:

f 2(1 + cos Hg)? 23 sin to(cos by + 2)
“A 7 \sin fo(cos by + 2) g(6o)

» Stick-Slide (SS) Mode (6p > arccos(1 — ¢)):

P ( 2(1 -|-C0590)2 )2/3 {/90 2 do N sin 0*(2 + cos 0*)
55 =\ §in to(cos by + 2) o g(0) g(6%)

where #* = arccos(c + cos fp)



Droplet Lifetimes for 0 < 6* < /2
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Droplet Lifetimes for 7/2 < 0* <«
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Comparing Lifetimes in all Three Modes of Evaporation

A Universal Map
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Comparing Experimental Data with Model Predictions (2)

to 0" tv expt |ty model | Diff. (%)
B-M 1 || 56° 25h° 0.9235 0.84513 —8.49
B-M 2 || 59° 15° 0.8233 0.80737 —1.93
Li 1 103° | 98¢ 1.0278 0.99/7/92 —2.91
Li 2 83° 5° 1.0166 0.99303 —2.32
Li 3 89° 75° 0.9895 0.99369 0.43
Li 4 75° 69° 0.9688 0.98493 1.66
Li 5 69° 54° 0.9729 0.95756 —1.58
Li 6 65° 54° 0.9547 0.955631 0.06
Li 7 53° 38° 0.8994 0.89680 —0.29
Li 8 45° 33° 0.8723 0.86515 —0.82
Li 9 35° 12° 0.6706 0.71640 0.83
Bor 1 81° 68° 1.0156 0.98550 —2.96
Bor 2 82° 60° 0.9527 0.97443 2.28
Yu 115° | 109° || 0.9846 0.98981 0.53




Comparing Lifetimes in all Three Modes of Evaporation
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Region |: tcr < tss < tca

Region |l: tcr < tca < tsg
Region Ill: tca < tcr < tss
Region |V: tca < tgg < tcRr
Region V: tggs = tca < tcRr
Region VI: tcr < tss = tca

Journal of Fluid Mechanics.
Vol. 744, 2014.



Leidenfrost Effect
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Lifetime of a droplet on a polished metal plate

Leidenfrost State

Perfectly
Hyd rophobic

Vapour Supported and Gravity Flattened

Droplets on a hot metal plate (300 °C) (Quéré, 2013)

Quéré, D. Annu. Rev. Fluid. Mech. (2013) 45 197.






Motivation

Linear Gullies on Mars
1. Hypothesis: Sliding dry ice blocks due to seasonal temperature variations

2. Tested idea on slopes of dunes in the desert

3. Sublimation Leidenfrost effect

Diniega et al, Icarus (2013) 225, 526-537. Jet Propulsion lab video archive — “Dry Ice Moves on Mars - June 11,
2013” (Truncated version from http://mars.nasa.gov/mro/multimedia/videoarchive/)

Extreme Environments

1. Large temperature differences exist
Deep space has abundance of locally available dry ices, e.g. H,0, CO,, CH,
Idea of sublimation for use in micro-thrusters is an established space concept

MEMS micro-heat engines for scavenging waste energy (e.g. Epstein et al, IEEE
Transducers 1997, Fréchette et al, PowerMEMS 2003 Conferences)

W


<script height="352px" width="540px" src="http:/player.ooyala.com/iframe.js#pbid=91ac0f6dcbdf466c84659dbc54039487&ec=RyNDl5cDrPl3DYt4-BsoRuHyz1qSLIFw"></script>
http://mars.nasa.gov/mro/multimedia/videoarchive/

Turbine-Like Substrates

Linear Ratchets — Droplets and Solid Ices

1. Droplet: Linke et al, Phys. Rev. Lett. (2006) 96, 154502
2. Dryice: Lagubeau et al, Nat. Phys. (2011) 7, 395-398
3. Substrate: Asymmetric textured

4. Vapor: Rectified vapour flow

Our Tu r‘b|ne_l_|ke Su bstrates Image: Quéré (2013) Image: Lagubeau et al (2011)

1. CNC manufactured turbine-like aluminium substrates

2. Based on axial gas turbine designs
3. R=0.75-2 cm, N=10, 20, 30




Orbiting and Spinning Droplets

Droplets on Turbine-Like Substrates

1. Rotation in an orbital fashion is possible

2. Spinning on their axis is possible
3. Difficult to stabilize



Sublimation Heat Engine Concept

Sublimation Thermal Cycle

Sublimation (solid-vapor) equivalent to the Rankine cycle used in steam powered engines
The working substance is a solid (e.g. CO, but could be other ices such as H,0 or CH,)
Harvest thermal energy Q,, via difference in temperature between reservoirs at 7, and 7.
Released vapor is rectified to produce mechanical work, W

Cooling releases Q, . to surroundings

out

o vk wnN e

Maximum theoretical efficiency limited by Carnot engine efficiency &=1-7./T,~1-T./T,,, ~0.67
Principle Realization

Hot turbine

Te Efficiency: e=W/Q,

Wells, et al. Nature Commun.. (2015) 6 6390.
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Rotational Motion via Sublimation

Os 0.29s 0.58s 087s 1.16s 1.45s

A Sublimation Engine

Supplementary Video 1

Gary Wells, Rodrigo Ledesma-Aguilar, Glen McHale and
Khellil Sefiane

Rotation of a Dry-Ice Block
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Rotation via Droplet Coupled Disks




Theoretical Model

Levitation and Torque -
Follow approach by Quéré and co-workers (2003-2013):

* Estimate rate of evaporation from surface of levitating dry ice

* Energy flux across vapour layer by conduction
» Rectified vapour flow induces a net viscous drag
* Re<1 in radial and angular directions = Lubrication approximation I(r) ro

Sur%%@k%riation:
* Varies speeet gk fetdeBélapor and [ oc (m/l; ¢)**R tan’ o/ o N*
* Assume teeth height is small (£ =H/h <<1) allows a solution:  A(8)=h(1+ RO tanc/ H)
M@M@ggﬁmsure gives leading order:  p (r)=p,, 31V, (R>*-r*)/h >
* CeitTorque indreases with\wizss of doy iegdthinnée yapor layehand more, dag)//)’
wh dordeelincheases agiradiuseinoseasesrimoment arpr aswd saifacecageapf rotor (/= fuel)
* Terdorue increasesiasinolinationbagleof teeth increase (morerrectification ofovapoyflow)
* TetTorque denreasesawith number of teeth - these set periodicity of pattern Z=2aR/N>, N




To Spin or Not to Spin?

1. Experiments with changes in (AT, R, H) to work out probability of dry ice disk spinning
(R=7.5-20 mm, 7,=300-500 C, H=165-229 um)
2. ca. 60 experiments per mass to determine probability P¢with m_defined by P=0.5

20

m(g)

0 5x10Y 1x10'® 1.5x10"8 2x10'® 2.5x10%
AT(R/HY* (K)



Scaling of Torque

1. Measured angular velocity of dry ice disks = angular acceleration and hence torque (I'=I«)
(R=0.75-2 cm, T;=350-500 C, a=2.25-4.15°, m=0.19-5.13 g)
2.  Minimum torque I' ;. =0.0109 uN m.

1 1 1 L | 1 i 1 T TTT T T T TTTT
e T

100 | S 15 k- - g —
- s -
N Z 10 - Z
1 Sz &
i S ]
= V¢ E
L}E - ]
Q - i
1 0 R=7.5 mm, variable m and AT [0 —
- R=10.0 mm, variable m and AT O 7
B R=12.5 mm, variable m and AT 2 ]
i R=20.0 mm, variable m and AT <> 7
i R=12.5 mm, m=0.8 g, variable AT </ ]

01 1 1 ||||||| 1 1 ||||||| 1 1 I T I |

10712 10! 10710 107

(mg)3/2Rtan3aAT”2 (N3/2m K-1/2)



Conversion to Electrical Power

1. 8-lobed commutator with magnets attached to a dry-ice rotor L= :

2. 8-lobe multi-segment induction coil system lowered into proximity 3
to the rotating assembly

3. Generated voltage visualized on an oscilloscope

4. Low phase transition-to-rotational energy efficiency — most energy
expended on levitation, but future designs can avoid this

=
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The Leidenfrost Engine Concept

A droplet of water boils

rapidly on a hot surtace.




A Leidenfrost (Heat) Engine

Wells, Ledesma-Aguilar, McHale and Sefiane
Nature Communications (2015) 6 art. 6390
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Thank you.

Any questions, welcome.




