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Drops are everywhere
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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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Drop AND Evaporation

Leidenfrost Engine




1. Effect of Substrate Thermal Properties On Drop Evaporation

A new dimensionless number for the effect of substr:
thermal properties

p. 329351,20009.

Journal of Fluid Mechanics
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2. Instabilities and Hydrothermal waves in drops

Sefianeet al., APPLIEPHYSIAQETTERS3008,93, 074103

19.2°C

Water (b. pt. 100C) weak thermal activity
14°C

L 22
L 20
L 18
L 18
FG72 (b. pt. 56C) convectiverolls

Methanol (b. pt. 64.7C) thermalwaves 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
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Effect of humidity on HTW in
sessile drop evaporation
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Langmuir 2013 29 (43), pp 1323813250
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Langmuir 2013 29 (31), pp 975Q9760

FC72 Droplet on the Silicon Wafer

(Time = 0.000 sec)
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3. Lifetimes of drops..?
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g constant? or? R constant?

Which mode leads to faster evaporatio 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



Hydrodynamics
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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, 6

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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Leidenfrost Effect
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Lifetime of a droplet on a polished metal plate

| eidenfrostState

Perfectly
Hydrophobic

Vapour Supported and Gravity Flattened Droplets on a_hot metal pla800°C) (Quéré 2013)

Quéré D.Annu Rev. Fluid. Mech. (20183197.






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_Leidenfrosteffect

Diniegaet al, Icarus(2013)225, 526537.JetPropulsion latvideoarchive¢ & 5 M& Moves on Mars June 11,
HAMoé 0O ¢ NHzy Ol kttS:RAna@.Galkgavanyo/mitilihvd@dia/videoarchive

Extreme Environments

1. Large temperature differences exist

2. Deep space has abundance of locally available dry ices, €gC@, CH

3. Idea of sublimation for use in mictbrusters is an established space concept
4

MEMS micreheat engines for scavenging waste eneggy Epstein et al, IEEE
Transducers 199Fréchetteet al, PowerMEMS003 Conferences)



<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 Ratchetg Droplets and Solid Ices

1. Droplet: Linkeet al,Phys. Rev. Leit2006)96, 154502
2. Dryice: Lagubeatet al,Nat. Phys(2011)7, 395¢398
3. Substrate:Asymmetric textured

4. Vapor Rectified vapour flow

- —
- N—
*

Our Turb|ne|_|ke SUbStI’atES Image:Quéré(2013) Image:Lagubeatet al (2011)
1. CNC manufactured turbirkke aluminium substrates

2. Based on axial gas turbine designs
3. R=0.752cm,N=10, 20, 30




Orbiting and Spinning Droplets

Droplets on Turbind.ike 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

R A

Sublimation (solierapor) equivalent to theRankinecycle used in steam powered engines
The working substance is a solid (e.g, @@ could be other ices such ag®or Ck)
Harvest thermal energ®,, via difference in temperature between reservoirsTatand T,
Releasedaporis rectified to produce mechanical wolk/

Cooling releaseQ, to surroundings

Maximum theoretical efficiency limiteby Carnot engine efficienagg1-T/T,° 1-TJ/T,,.°0.67

Principle Realization

Hot turbine

Te Efficiency: e=W/Q,

Wells,et al. Nature Commun.. (201%) 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




Rotation via Droplet Coupled Disks




Theoretical Model

Levitation and Torque _\
Follow approach b@Quéreand ceworkers (20032013): T

A Estimate rate of evaporation from surface of levitating dry i eZT Viscous drag

A Energy flux across vapour layer by conduction | l,: _— E }Va.pour
A Rectified vapour flow induces a net viscous drag Him—~_m—2<_J fim
A Re<1 in radial and angular directioiYs Lubrication approximation I(r) ro

Sur@é—ﬁ%@h@%ﬂon:
A Varies fpeed df (B hpor  and G" (mAp)¥?Rtarfalr;N*
A Assume teeth height is smaH:éH/h <<1)allows a solution: h(g)=h,(1+ RgtanalH)

P ! L €sure gives leading order: p,(r)=p+3/MV.(R*-r?)/h2
A CATorGueaiicfeasas withwinass of day dces(thiamepof syehand more-dra))*

vwhForqeelncieases s mdiuscincrasesdmoment amsancesurfaes aredy dtofiel)

A TATorUeinseases/ds inclimationhangle of teeth increase (morenrectifinaticapot flow)
A TAForque decreaseswith number of teetkthese set periodicity-ofrpatterii=2pfRiN: N




To Spin or Not to Spin?

1. Experiments with changes (DT, R, H) to work out probability of dry ice disk spinning
(R=7.520 mm, T,=300-500 C,H=165-229 nm)
2. ca. 60 experiments per mass to determine probab#twith m_defined byP=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 disksangular acceleration and hence torque={a)
(R=0.752 cm, T,=350500C, a=2.254.1%, m=0.195.13 g)
2.  Minimum torqueG,,;;=0.0109mN m.

T T 1T 111 | T T T T TTT T T T TTTT
e T
100 | - B 15k - g =
C = 3
i E 10 - - ]
S s ¢ ]
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 [ N
10712 10! 10710 107

(mg)3/2Rtan3aAT”2 (N3/2m K-1/2)



Conversion to Electrical Power

1. 8-lobedcommutatorwith magnets attached ta dry-ice rotor L=

2. 8-lobe multisegment inductiorcoil systemowered into proximity , & :
to the rotating assembly 'i

3. Generated voltage visualized on an oscilloscope " i

4. Low phase transitioiio-rotational energy efficiency most energy 3

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.
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Is there life on Mars? Possibly
Yes — with Edinburgh energy
expert's Leidenfrost engine

EXCLUSNVE By DARA
EUTTERFIELD

Fratascor Khallll fafians of
Edinburgh UnivarcHy hae
deweiaped 8 project with
calisaguec 2t Narthumbris
University tnst hac produssd a
Bbreaktnrough cublimetion angine

that oowld ane day gensrats anargy an Marc.

The new engine, dubbed the Leidentost engine, uses subimaton — e changing of 8
S0l directly int & ges— 10 drive & genemior. The project uses dry o a5 s fust which
hias created inberest In using Tiis bichnology 10 power projects on Mars where the
substance ks comran.

D Rodrigo Lodesma-Agullar, co-auther on the paper, said: “Carton dicxde plays &
siwilar raie on Mars 23 waber does on Earih, B3 2 widsly svalabie resowrce which
undemoes Cyclc phese Changes Lnder the natursl Martian temperatue Waraticns.

“Pernaps future power S1290ns on Mars wil expiolt 5uch 2 rescurce io hanest enemy as

dry-ice bocks evaporate, or to channsd the chermical energy extacted from other carton-

Eased sournes, such as methans gas.

“Cne thing s certain; our fuure on other pianets depends. an our sbilty b adapt our
knowiedge i3 tha Corstmit imposad by strange words, and {0 Sevise meative ways i
apinit matural rescurces Hatda nok naturaly sozur here on s

Eut the brasithrugh doesn't Just maks space-iravel and colonisation mors sustainabie,
e unigue Iow fricTon nature of the engine could have cther appications. The concect s
coud be potentisily rei=want in chalienging stuations such 25 deep driling, ouler space
expioration of micro-mech anical manipulzion

Frofessor Glan MoHale, co-authar of ine paper, s2kl: “This & the staring peint <f an
exciting evenue of rEsearch In smart mal=niais engineenng. In the future, Leidentrast-
Easext devices. coukd 1nd applications In wile ranging fiids. spanning fam Fictonkess
franspart 10 ouber Space Exploration.”

‘iew vides T the Leidenfrost “eng ine’ ot work
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A Leidenfrost (Heat) Engine

Wells, Ledesmé&guilar, McHale an8efiane
Nature Communication§2015 6 art. 6390
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New energy device may power life on Mars

NEWS ARCHIVES

New Energy Harvesting Method Could Use Dry Ice To
Power Life On Mars

Adtya Tejas W 1 - 3 e

May 18, 2015-ay 24, 2015 PTI - T

May 11, 2015-May 17, 2015

May 4, 2015—May 10, 2015 TES COm E AM E

Aped 27, 05-May 3, 25

Aprd 20, 2045-Aprl 25, HH5

NEWS TAGS

PHCTC: AR

oil renewables gas jobs wind

safety en t energy shale wind

power nuckear fuel rty wind fanm

POLICY PLATFORM

Faling ol prices should not undermine I utilisesd in & Losdenfrost d engine dry bee dop 1 e 1o crvsite futire pow
Irstmant In green snangy 1 .

By FRANS F. e VAIES and ISAAT TARFER When e artwan diodde pl clemBlar rol
Frice =f s o drepged from $110-5aml in mo-I0M 4
it §20-cmrat oy darveary 2013, fare wars e that & Huntrig desima- Aguile
sk deairoy Fom igreers cavslution’. Bk a lock i what's ..

Cotrusd AT i

Researchers at Northumbria University in Eng
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Dry ice on Mars may help coloneze red planct, research
says
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Did Hubble Discover God?
Swmry

M Y-
Rggn;fghgrg prgpgsgs new type of New Scientific Evidence Causes Scientists to Speak About &
engine that harvests energy from
carbon dioxide and could power life on
Mars

New Energy Device Could Power Life on Mars
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Sciantiss: Bave devaloped 2 now enargy devics taat hamautes carbom diowids in suck 3wy that & could

powsr Lifi on Mz, according 10 2 new sudy.

According to NASA, & manmod mission to Mam is sece
bumans to wrvive on the Red Plaset is crucil

. 2ad g0 Sadieg 3 way for
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New Scientific Evidence
Causes Scientists to Speak
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