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Drops are everywhere



Contact lines and multiscales
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James Clerk Maxwell
Scotland (1831 - 1879)

NATURE,389, 23, 1997



Outline of presentation

1. Effect of substrate thermal 

properties 

2. Instabilities and Hydrothermal 

waves

3. Lifetimes of drops

4. Leidenfrost Engine

Drop AND Evaporation



A new dimensionless number for the effect of substrate

thermal properties

1. Effect of Substrate Thermal Properties On Drop Evaporation

Journal of Fluid Mechanics.
p. 329-351, 2009.

Journal of Fluid Mechanics.
p. 260-271. 2011.



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

Methanol (b. pt. 64.7̄C): thermal waves
FC-72 (b. pt. 56̄C): convective rolls

2.  Instabilities and Hydrothermal waves in drops

Langmuir, 2012, 28 (31), p 11433ς11439

Sefianeet al., APPLIED PHYSICS LETTERS, 2008,93, 074103
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ÑлΦмл х/

ÑлΦло х/

Effect of humidity on HTW in 

sessile drop evaporation

HTW extend to the solid substrate

Langmuir, 2013, 29 (31), pp 9750ς9760

Langmuir, 2013, 29 (43), pp 13239ς13250

http://www.kyushu-u.ac.jp/english/index.php
http://www.google.co.uk/url?sa=i&source=images&cd=&cad=rja&docid=W9Z0kJPKatDXXM&tbnid=mYvq_QCsOD5K5M:&ved=0CAgQjRw&url=http://www.mse.umd.edu/logos&ei=AcLXUqj4G5SrhAf83IGYDQ&psig=AFQjCNHqYjEYrPjpNVaJV0X6aO9w1G3BsA&ust=1389958017613662
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3. Lifetimes of drops..?



or ?qconstant? R constant?

q R

ΧǿƛǘƘ ŜǾŀǇƻǊŀǘƛƻƴΚ

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

Induced current
q R

Evaporation is fn(radial distance)
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Langmuir, (2011), 27 (21), 12834ς12843
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A Universal Map
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Journal of Fluid Mechanics.
Vol. 744, 2014.



Leidenfrost Effect

Quéré, D. Annu. Rev. Fluid. Mech. (2013) 45197. 

Vapour Supported and Gravity Flattened

qLF

Perfectly 
Hydrophobic

LeidenfrostState

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

Lifetime of a droplet on a polished metal plate
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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

Diniega et al, Icarus (2013) 225, 526-537. Jet Propulsion lab video archive ςά5Ǌȅ Ice Moves on Mars  - June 11, 

нлмоέ ό¢ǊǳƴŎŀǘŜŘ ǾŜǊǎƛƻƴ ŦǊƻƳ  http://mars.nasa.gov/mro/multimedia/videoarchive/)

Extreme Environments

1. Large temperature differences exist

2. Deep space has abundance of locally available dry ices, e.g. H2O, CO2, CH4

3. Idea of sublimation for use in micro-thrusters is an established space concept

4. MEMS micro-heat engines for scavenging waste energy (e.g. Epstein et al, IEEE 

Transducers 1997, Fréchetteet al, PowerMEMS2003 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 Ratchets ςDroplets and Solid Ices

1. Droplet: Linke et al, Phys. Rev. Lett. (2006) 96, 154502

2. Dry ice: Lagubeauet al, Nat. Phys. (2011) 7, 395ς398

3. Substrate: Asymmetric textured 

4. Vapor: Rectified vapour flow

Our Turbine-Like Substrates

1. CNC manufactured turbine-like aluminium substrates

2. Based on axial gas turbine designs

3. R=0.75-2 cm, N=10, 20, 30

Image: Quéré(2013) Image: Lagubeauet al (2011)



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

1. Sublimation (solid-vapor) equivalent to the Rankinecycle used in steam powered engines 

2. The working substance is a solid (e.g. CO2 but could be other ices such as H2O or CH4)

3. Harvest thermal energy Qin via difference in temperature between reservoirs atTh and Tc

4. Released vaporis rectified to produce mechanical work, W

5. Cooling releases Qout to surroundings

6. Maximum theoretical efficiency limited by Carnot engine efficiency e=1-Tc/Thº1-Tc/Taveº0.67

Principle Realization

Wells, et al. Nature Commun.. (2015) 6 6390.



Rotational Motion via Sublimation



Rotation via Droplet Coupled Disks



Theoretical Model

Levitation and Torque

Follow approach by Quéréand co-workers (2003-2013):

ÅEstimate rate of evaporation from surface of levitating dry ice

ÅEnergy flux across vapour layer by conduction

ÅRectified vapour flow induces a net viscous drag

ÅRe<1 in radial and angular directions Ý Lubrication approximation

Key Test Equations 

mc ŕf lLF
3(R/H)3 and G´(m/lLF)3/2R tan3a/rf N
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Physical Interpretation of Torque

ÅTorque increases with mass of dry ice (thinner vaporlayer and more drag)

ÅTorque increases as radius  increases (moment arm and surface area)

ÅTorque increases as inclination angle of teeth increase (more rectification of vaporflow)

ÅTorque decreases with number of teeth - these set periodicity of pattern L=2pR/N

Surface height, h(r,q), variation:

ÅVaries speed of release of vapor

ÅAssume teeth height is small (x=H/ho<<1) allows a solution: h(q)=ho(1+ xRqtana/H)

ÅPerturbativesolution inxfor pressure gives leading order: po(r)=patm+3hvno(R
2-r2)/ho

3

ÅCritical mass for rotation when vaporlayer is ~depth of teeth: mc ŕf lLF
3(R/H)3

where Leidenfrostlength scale characterizes vapour pressure to weight of rotor (f = fuel)

ÅTorque (consistent with linear ratchet) is: tzq́ hvnoR
4tan3a/ho

5N4

ÅTotal torque over rotor is:  Ǵ(m/lLF)3/2Rtan3a/rfN
4



To Spin or Not to Spin?

1. Experiments with changes in (DT, R, H) to work out probability of dry ice disk spinning

(R=7.5-20 mm, Th=300-500 C, H=165-229 mm)

2. ca. 60 experiments per mass to determine probability PS with mc defined by PS=0.5



Scaling of Torque

1. Measured angular velocity of dry ice disks Ý angular acceleration and hence torque (G=Ia)

(R=0.75-2 cm, Th=350-500 C, a=2.25-4.15o, m=0.19-5.13 g)

2. Minimum torque Gmin=0.0109 mN m.



Conversion to Electrical Power

1. 8-lobed commutatorwith magnets attached to a dry-ice rotor 
2. 8-lobe multi-segment induction coil system lowered into proximity 

to the rotating assembly
3. Generated voltage visualized on an oscilloscope
4. Low phase transition-to-rotational energy efficiency ςmost energy 

expended on levitation, but future designs can avoid this



The Leidenfrost Engine Concept

Wells, et al. Nature Commun. (2015) 6 6390.



A Leidenfrost (Heat) Engine

Wells, Ledesma-Aguilar, McHale and Sefiane

NatureCommunications(2015) 6 art. 6390




