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Leidenfrost phenomenon is employed as a potential solution to NASA’s urine-water recovery problem by 
providing a method for on-demand non-contact distillation. Leidenfrost investigations have been almost 
exclusively conducted in terrestrial environments and are in turn largely defined by the ever-presence of 
gravity. In this work we demonstrate a variety of Leidenfrost effects for enormous liquid droplets in the 
microgravity environment of a 2.1 second drop tower. Dynamic Leidenfrost droplet impacts on a selection of 
heated hydrophilic and superhydrophobic surfaces in microgravity are presented. Nearly ideal elastic non-
contact impacts and droplet oscillation modes are observed. Impact experiments are extended to a variety of 
heated substrates including macro-pillar arrays, confined passageways, and others. The potential for 
contamination-free processing is obvious, with the proof of concept to be pursued shortly. 

Nomenclature 
𝐴𝐴  = Area 
𝑐𝑐𝑝𝑝  = Specific heat 
g  = Gravitational acceleration 
ℎ𝑓𝑓𝑓𝑓  = Latent heat of vaporization 
ID   = Inner diameter 
𝑘𝑘  = Thermal conductivity 
𝑚𝑚   = Mass 
𝑚̇𝑚   = Mass flowrate 
𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = Evaporating vapor mass flowrate 
OD = Outer diameter 
Pr  = Prandtl number 
𝑞𝑞  = Heat transfer 
𝑞𝑞𝑐𝑐  = Conduction heat transfer 
𝑞𝑞𝑓𝑓𝑓𝑓  = Forced convection heat transfer 
𝑅𝑅  = Radius 
𝑟𝑟  = Radius as a function of time 
𝑟𝑟𝑡𝑡  = First time derivative of radius 
t  = Time 
𝑇𝑇   = Temperature 
𝑢𝑢  = Velocity 
𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣 = Evaporating vapor velocity 
We  = Weber Number 

𝑥𝑥  = Position 
𝑥̇𝑥  = Velocity 
𝑥̈𝑥  = Acceleration 
 
Greek Symbols 
α  = Wedge half angle 
δ  = Vapor layer thickness 
𝜇𝜇  = Dynamic viscosity 
𝜌𝜌  = Density 
𝜃𝜃   = Angle 
 
Subscripts 
a  = Air 
d  = Droplet 
f  = Final 
i  = Incident 
l  = Liquid 
o  = Initial 
R  = Reflection 
s  = Surface 
v  = Vapor 
∞  = Ambient Environment

I. Introduction 
The National Aeronautics and Space Administration has identified the separation and recovery of water from waste 

streams as a major challenge. NASA’s technology roadmap has identified water recovery and management (TA 6.1.2) 
as an area in need of innovative technological solutions to enable human exploration into deep space. At least 98% 
water recovery from waste-water streams is required for such missions, a performance goal that is not yet attainable 
with current state of the art technology. It is also desirable to develop a water recovery system that significantly reduces 
the number of moving components, eliminates the need for urine storage, eliminates the need for addition of pretreat 
chemicals to urine, and unifies urine-brine processing. Herein, the foundations of a novel, non-contact, heat-driven 
distillation method are investigated as a potential method to address NASA’s water recovery challenge. 
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 Heat driven distillation is routinely employed to distill liquid-liquid and liquid-solute solutions. Such processes 
typically employ pool boiling. Film boiling is a less efficient boiling regime that is not usually exploited for distillation 
purposes. In the pool boiling regime, liquid 
droplets deposited on substrates slightly above 
the liquid’s boiling temperature will undergo 
nucleate boiling and will boil away in seconds. 
However, if the substrate temperature is 
significantly higher than the liquid’s boiling 
temperature, the droplet will not undergo 
nucleate boiling, but will instead levitate on its 
own vapor layer. This vapor layer insulates the 
droplet from the heated substrate, reducing 
heat transfer to the liquid droplet by orders of 
magnitude. The levitating droplets are not in 
contact with the surface, eliminating 
nucleation sites for bubble formation. These 
combined effects increase droplet lifetimes by 
orders of magnitude. For example, a static 
0.03 mL water droplet on a planar aluminum substrate above 193°C will require several minutes to completely 
evaporate. This phenomenon is called the Leidenfrost effect.1 Figure 1 shows a droplet lifetime plot for a 2 mm 
diameter droplet of water on a polished aluminum surface at varying surface temperatures. The maximum droplet 
lifetime shown by the vertical line just below 150°C identifies the Leidenfrost point, the point of minimum heat flux. 
 Though exploiting Leidenfrost phenomena may seem a poor choice due to low evaporation heat transfer rate, 
employing this phenomenon to distill streams of droplets is of interest for spacecraft applications due to the non-
contact nature of the phenomenon, potentially enabling fouling-free distillation. Further, heat driven Leidenfrost 
distillation potentially allows for streams of waste-water solutions to be distilled fully to dry salt. Distillation rates are 
also comparable to certain liquid production rates (i.e., astronaut urine production) permitting essentially real-time 
distillation of streams of droplets at elevated temperatures. Stamey and Mihara3 present experimental results for 
bacterial growth in sterile urine from human subjects. Results show that exponential bacterial growth occurs after two 
hours for all types of bacteria. Liquid solutions of urine processed essentially on-demand at temperatures in excess of 
70°C ensure minimal microbial growth, reducing, if not eliminating the need for urine pretreat chemicals, which are 
used to significantly hinder the rate of bacterial growth in urine.  
 Leidenfrost droplets are highly mobile due to the vapor layer separating droplets from heated substrates. Viscous 
drag from the vapor layer is negligibly small leading to nearly frictionless motion across heated surfaces. Such 
mobility of Leidenfrost droplets encourages the possibility for competitive microgravity distillation system designs 
that employ heated conduits and a simple motive force for droplet streams in the form of airflow, pressure gradient, 
or the vapor production of the evaporating droplets themselves. 
 The Leidenfrost effect has been studied extensively for its relevance to numerous applications including spray 
cooling, fuel combustion, nuclear reactor cooling, jet and rocket engine propulsion, manufacturing of metals, and 
others.4-12 Biance et al.13 investigated Leidenfrost phenomenon providing a scale expression for static Leidenfrost 
droplet lifetimes. The dynamics of Leidenfrost droplet impacts have been investigated in depth.14-17 It has been shown 
that the dynamic Leidenfrost point is a function of Weber number16 as is the maximum spreading of the drops on 
impact.17 Extensive experimental investigations quantifying heat transfer for dynamic Leidenfrost droplet impacts 
have been conducted18-22 as well as mathematical considerations for heat transfer in the dynamic Leidenfrost mode.18,23 
Leidenfrost droplet heat transfer and evaporation rates have also been experimentally investigated in the static case.24  
 Maquet et al.25 demonstrate that although the Leidenfrost point itself has a weak dependence on gravity level, 
Leidenfrost droplet lifetimes have a strong inverse dependence on gravity. Veldhoven and Capelleveen26 show 
decreases in Leidenfrost temperature with decreasing ambient pressure. Chen et al.27 show dramatic increases in 
dynamic Leidenfrost point temperature with increased levels of alcohol surfactants, showing that increases in the 
Leidenfrost point are due to decreasing surface tension. 

Takata et al.28 show increases in the Leidenfrost point with increased surface wettability. Kim et al.29 report an 
increase and decrease in the Leidenfrost point for water on hydrophilic and hydrophobic surfaces, respectively. Kim 
et al.30,31 report significant increases in the Leidenfrost point of water as a result of impacts on porous and micro-
pillared surfaces. Such surface structures are found to disrupt and collapse vapor layer formation. Similar observations 
have been documented for wetting microstructured surfaces32-35 as well as for surfaces consisting of carbon 
nanofibers.36 Kwon et al.37 report significant increases in the Leidenfrost point with decreasing micropillar density on 

 
Figure 1: Lifetime plot for a 2 mm droplet of water deposited on 
a polished aluminum surface as a function of surface 
temperature, Ts. Figure from Quéré.2 
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wetting surfaces. Significant reduction in Leidenfrost point has also been reported on microstructured non-wetting 
surfaces.38,39 Vakarelski et al.39 report significant decreases in the Leidenfrost point on microstructured 
superhydrophobic surfaces due to vapor layer stabilization on such surfaces. Kim et al.29 also develop mathematical 
predictions for the dynamic Leidenfrost point on structured surfaces. 

Exploratory low-gravity Leidenfrost behavior has been pursued in drop tower tests.40,41 Rasheed and Weislogel48 
present facile production methods for superhydrophobic surfaces, including thermally stable surfaces, which are 
utilized in this study. Superhydrophobic surfaces were also shown to reduce fouling of surfaces resulting from streams 
of urine by a factor of 30. In this work, Leidenfrost droplet modes of transport under varying conditions in microgravity 
are presented. Microgravity drop tower experiments include dynamic Leidenfrost impacts of oscillation free droplets 
on surfaces with varied wettability under varying impact conditions, droplet transport modes through conduit bends, 
and millimetric Leidenfrost vapor layer formation in a unique low-g Leidenfrost regime. Mathematical models are 
presented that predict Leidenfrost vapor recoil force and vapor layer thickness in the absence of gravity. Results for 
experimental investigations extending terrestrial Leidenfrost droplet lifetime experiments for dynamically rolling 
droplets on heated substrates are also presented. The self-cleaning nature of fouled, superheated, superhydrophobic 
surfaces is also observed and reported herein. A model that predicts Leidenfrost droplet lifetime for droplets in the 
dynamic rolling mode in a terrestrial gravity environment is developed, showing good prediction of experimental 
results. These results have practical design implications for potential spacecraft applications.  

 
II. Experimental 

A. Drop Tower and Function 
A drop tower42 is employed in this work to simulate microgravity conditions. An image of the drop tower is shown 

in Fig. 2. A touch screen 
computer allows a single 
operator to safely operate the 
drop tower assisted primarily by 
automated functions for quick 
experiment turn around with up 
to ~ 20 drops per hour. An 
experiment rig is installed into a 
drag shield and released into 
freefall for 2.1 s.  Figure 3 shows 
an example of an experiment rig 
inside the drag shield. The 
experiment rig and drag shield 
are released simultaneously. The 
drag shield is guided by two non-
contacting cables. Two metal 
fins mounted to the sides of the 
drag shield pass through 
permanent magnets at the base of 
the tower.  The relative motion 
between parallel magnetic fields 
and drag shield fins generate 
eddy currents in the fins that 
resist the motion and decelerate 
the falling masses which come to 
rest on foam pads. See 
Wollman44 for further details. 
 

B. Microgravity Droplet Generators 
A microgravity, oscillation-free, droplet generator, referred to as a ‘Logan Shooter,’ is employed in the dynamic 

Leidenfrost impact experiments in microgravity. The Logan shooter consists of two superhydrophobic surfaces 
forming a wedge. The inside surfaces of the wedge are coated with a commercially available, one-step 
superhydrophobic Cytonix WX2100 spray, which is a fluorine-based Teflon coating. Contact angles greater than 150° 
are produced on the inside surfaces. A volume of water is dispensed near the narrowest point of the wedge. Large 
liquid volumes form puddles. At initiation of the drop tower test, the ‘puddle’ jumps from the surface in an attempt to 

 
Figure 2: The 2.1 s Dryden Drop 
Tower (DDT). Image from 
Wollman and Weislogel.43 

 
Figure 3: An experiment rig hanging inside 
the drag shield of the drop tower. Both the 
experiment rig and the drag shield are 
released at the same time. The experiment 
rig is allowed to fall freely inside the drag 
shield. Image from Torres.46 
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establish a sphere. However, the water is confined by the wedge which induces a capillary pressure gradient in the 
droplet that forces it out of the wedge. Oscillations in the drop are substantially damped during the ejection process. 
Figure 4 shows (a) a schematic of the Logan shooter and (b) a Logan Shooter with a 5° half angle ejecting a 10 mL 
droplet of water. Torres45 provides further details. 

 
 

 
The Logan Shooter requires superhydrophobic non-wetting surfaces to function properly. For purposes of 

conducting dynamic Leidenfrost droplet impact experiments with wetting liquids such as ethanol, the method of 
passive capillary droplet ejection through a converging circular tube is employed as studied by Wollman.44 Fluids with 
contact angle θ less than 90° rise to considerable heights in tubes in microgravity. Adding a nozzle to the end of the 

tube provides a mechanism for local liquid 
acceleration which adds enough local 
inertia to the liquid that a jet is 
spontaneously ejected from the nozzle. 
This jet breaks up into droplets which are 
then employed downstream in dynamic 
Leidenfrost impact experiments. Figure 5 
shows passive capillary ejection of 5 cS 
PDMS (Polydimethylsiloxane) fluid in a 
60 mm long, 6 mm ID circular glass tube 
with a converging nozzle of 1.2 mm ID at 
the end of the tube. 
 
 C. Rolling Leidenfrost Droplets 

An aluminum plate with 6.35 mm wide 
hemi-circular section milled circular track 
56 mm in diameter is mounted to a 
turntable. The turntable is then tilted with 
respect to gravity and mounted to a table. 
The plate surface is coated with a 
superhydrophobic coating consisting of a 
PTFE spray (Dome Magic™) over a soot 
layer deposited by candle flame, a method 
developed by Rasheed and Weislogel.48 
Figure 6 provides images of the apparatus 
with top-view images of the circular track 
with a capillary-sized droplet of 25 g/L 
aqueous NaCl mixture inside the track. A 
variable speed DC motor is used to drive 
the turn-table with mounted aluminum 

 
Figure 5: Spontaneous capillary rise and ejection 
of 5 cS PDMS in a circular tube with nozzle. Figure 
from Wollman.44 

 

 
Figure 4: (a) Schematic of a Logan Shooter. A droplet 
confined between two superhydrophobic plates. (b) Drop 
tower demonstration of a Logan Shooter with 5° half-angle 
ejecting a non-oscillating 10 mL water droplet. Image from 
Torres.45 

 

Figure 6: (a) Image of the experimental setup with the blue arrow 
pointing in direction of tilted turn–table rotation. (b) A capillary-
sized droplet (~ 0.029 mL) in a 6.35 mm wide, 56 mm diameter 
channel. (c) A droplet of 25 g/L aqueous salt solution rolls along the 
superhydrophobic channel held at 170°C. Image taken at t = 0 s. The 
droplet evaporates in time (d) t = 56 s and (e) t = 110 s. (f) Complete 
distillation leaves a single salt crystal in the channel, t = 164 s. 
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plate. To the aluminum plate is mounted a 150-Watt strip heater controlled via Arduino control circuit comprised of 
thermocouples, ambient temperature thermocouple, humidity sensor, solid-state relays, and Arduino SD Shield for 
data acquisition. 

The Arduino controller is programmed to establish the plate temperature. Once the setpoint temperature is reached, 
a droplet is dispensed in the channel while simultaneously turning on the DC turntable motor. A highspeed HD video 
camera records the events. The combined effects of plate rotation, plate tilt with respect to gravity, super-
hydrophobicity, and Leidenfrost temperatures cause the droplet to roll ever-downwards along the channel. The droplet 
continues to roll until completely evaporated. Figure 6c shows an image of a droplet at the beginning of one such 
experiment with plate temperature of 170°C. The 25 g/L aqueous NaCl droplet initial volume is ~ 0.029 mL. Figures 
6d and e provide images of the droplet at t = 56 s and t = 110 s, respectively. Figure 6f provides an image of the salt 
crystal left behind following complete evaporation at t = 164 s. From these experiments we establish maximum 
Leidenfrost evaporation rates via droplet lifetime measurements. Such rates can be used to estimate envelope and 
performance metrics for low-g Leidenfrost distillation devices. The experiments also provide insight on fouling 
mechanisms for superhydrophobic surfaces due to complete distillation and deposition of salt solutions. 
 

III. Mathematical Model 
 

A. Dynamic Leidenfrost Droplet Impact in Microgravity: The Creeping Velocity Limit 
We suspect that Leidenfrost behavior will be significantly impacted for low velocity impacts in a low-gravity 

environment. Thus, we pursue an order of magnitude assessment of the Leidenfrost vapor layer thickness for a free-
flying, low-velocity droplet approaching a planar heated substrate well above the Leidenfrost point in a zero-gravity 
environment. A schematic of the problem is provided in Fig. 7. Neglecting drag in the gas phase, the approach of the 
droplet to the wall is modeled using a force balance where the acceleration of the droplet is set equal to the momentum 
of evaporation from the droplet in the direction of the wall; namely, 

 𝑚𝑚𝑥̈𝑥 = 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣,                        (1) 

where m is the droplet mass, 𝑥̈𝑥 is the droplet acceleration toward the planar surface, 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the mass flowrate of 
vapor evaporating from the droplet, and 𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣 is the vapor velocity leaving the droplet. From mass conservation, the 
vapor velocity may be expressed in terms of vapor mass flowrate, which in turn may be expressed in terms of heat 
transfer to the droplet q via energy balance  𝑞𝑞 = 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑐𝑐𝑝𝑝Δ𝑇𝑇 + ℎ𝑓𝑓𝑓𝑓), where cp is the droplet specific heat and Δ𝑇𝑇 is 
the difference between the droplet saturation temperature and initial droplet temperature, Δ𝑇𝑇 = 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑜𝑜. The zeroth 
order mode of heat transfer to the droplet is conduction from the heated planar substrate through the vapor layer of 
the droplet δ, which can be expressed as 𝛿𝛿 = 𝑥𝑥𝑜𝑜 − 𝑥𝑥. Scaling laws show that convection and radiation are negligible. 
Substitution for the vapor velocity and mass flowrate with conduction as the sole mode of heat transfer, the governing 
equation of motion becomes the simple nonlinear ODE 

𝑚𝑚𝑥̈𝑥 = 𝑘𝑘�

(𝑥𝑥𝑜𝑜−𝑥𝑥)2
,                (2) 

where 

𝑘𝑘� ≡ �𝑘𝑘𝑣𝑣(𝑇𝑇𝑠𝑠−𝑇𝑇𝑑𝑑)
𝑐𝑐𝑝𝑝Δ𝑇𝑇+ℎ𝑓𝑓𝑓𝑓

�
2 𝐴𝐴
𝜌𝜌𝑣𝑣

,     (3) 

 
where kv is the droplet vapor conductivity, Ts and Td are the respective planar substrate and droplet saturation 
temperatures, A is the droplet frontal area, and ρv is the droplet vapor density. Scaling Eq. 2 with x ~ xf and t ~ xf /uo, 
and solving for x, a scale expression for the vapor layer thickness is found to be  
             

 𝛿𝛿 ~ 𝑥𝑥0 −
2𝐵𝐵+1−√4𝐵𝐵+1

(2𝐵𝐵 𝑥𝑥0⁄ )
,     (4) 

 
where parameter 𝐵𝐵 =  𝑥𝑥𝑜𝑜𝑚𝑚𝑢𝑢𝑜𝑜2 𝑘𝑘�⁄ , which is a dimensionless ratio of droplet kinetic energy to energy of vaporization. 
From Eq. 4 the vapor layer thickness of a 5 mL droplet of water initially at 20°C travelling at 1 mm/s toward a substrate 
at 400°C from an initial distance of 100 mm yields δ ~ 5.7 mm—an unearthly large thickness 3-orders of magnitude 
larger than terrestrial thicknesses.13,30,51 The potentially and comparatively enormous vapor layer thicknesses predicted 
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by Eq. 4 for low velocity impacts suggest that low-g droplet flows along conduits, where normal velocities approach 
zero, a far more likely to remain ‘un-impacted’ and thus remain ‘uncontaminated’ when compared to our terrestrial 
demonstrations. The results suggest a significantly enhanced non-contact nature of the Leidenfrost phenomenon in 
microgravity. 
 
B. Rolling Leidenfrost Droplet Lifetime 

A simple mathematical model describing the heat transfer from a hot surface to a rolling droplet in Leidenfrost 
state on a superheated surface is developed. Figure 8 provides a schematic of a droplet with saturation temperature 𝑇𝑇𝑑𝑑  
rolling with linear velocity 𝑢𝑢 on a superheated surface with temperature 𝑇𝑇𝑠𝑠 and tilt angle α. The droplet has a radius 
r(t) that varies with time as it evaporates in the Leidenfrost state in an environment with ambient temperature 𝑇𝑇∞. We 
consider all modes of heat transfer to the rolling droplet, including conduction, forced and free convection, and 
radiation. A scale expression is derived for the Leidenfrost vapor layer thickness in gravity from a balance between 
vapor and hydrostatic pressures resulting in, 

 

𝛿𝛿 ~ � 𝜇𝜇𝑣𝑣𝑘𝑘𝑣𝑣Δ𝑇𝑇1
2𝜌𝜌𝑙𝑙𝜌𝜌𝑣𝑣𝑔𝑔�𝑐𝑐𝑃𝑃Δ𝑇𝑇2+ℎ𝑓𝑓𝑓𝑓�

�
1
3�
,     (5) 

 
where 𝜇𝜇𝑣𝑣 is the droplet vapor viscosity, 𝜌𝜌𝑙𝑙 is the liquid droplet density, 𝜌𝜌𝑣𝑣 is the droplet vapor density, 𝑔𝑔 is gravitational 
acceleration, Δ𝑇𝑇1 = 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑑𝑑 is the difference between plate temperature and droplet saturation temperature, and Δ𝑇𝑇2 =
𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑜𝑜 is the difference between droplet saturation temperature and initial droplet temperature. Using Eq. 5, an 
expression for steady conduction heat transfer to the droplet from the heated substrate through the vapor layer can be 
expressed as 

𝑞𝑞𝑐𝑐 = π𝑟𝑟2(𝑘𝑘𝑣𝑣ΔT1)2/3�2𝜌𝜌𝑙𝑙𝜌𝜌𝑣𝑣𝑔𝑔�𝑐𝑐𝑝𝑝Δ𝑇𝑇2 + ℎ𝑓𝑓𝑓𝑓�𝜇𝜇𝑣𝑣−1�
1/3.                       (6) 

 

 

In this case, order of magnitude comparisons suggests that conduction and forced convection are significantly more 
relevant than free convection and radiation. The convective heat transfer coefficient is estimated using the Whitaker 
correlation47 for the average Nusselt Number for a sphere. From Newton’s law of cooling, an expression for convective 
heat transfer to the droplet is expressed as 

𝑞𝑞𝑓𝑓𝑓𝑓 = 2𝜋𝜋𝜋𝜋𝑘𝑘𝑎𝑎Δ𝑇𝑇3[2 + �0.4[𝑅𝑅𝑅𝑅]1/2 + 0.06[𝑅𝑅𝑅𝑅]2/3�Pr0.4 �𝜇𝜇∞
𝜇𝜇𝑠𝑠
�
1/4

],          (7) 

where 𝑅𝑅 ≡ 2𝜌𝜌𝑎𝑎𝑢𝑢 𝜇𝜇𝑎𝑎⁄  , and 𝑘𝑘𝑎𝑎, 𝜇𝜇𝑎𝑎, and 𝜌𝜌𝑎𝑎  are the respective air thermal conductivity, dynamic viscosity, and density. 
Velocity 𝑢𝑢 is that of the droplet, 𝑃𝑃𝑃𝑃 the Prandtl number of air, 𝜇𝜇∞ the air free stream dynamic viscosity, 𝜇𝜇𝑠𝑠 the air 
dynamic viscosity at plate surface temperature 𝑇𝑇𝑠𝑠 and Δ𝑇𝑇3 = 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑎𝑎 is the difference between droplet saturation 
temperature 𝑇𝑇𝑑𝑑 and air free stream temperature 𝑇𝑇𝑎𝑎. All properties for air are taken at the bulk temperature 𝑇𝑇𝑏𝑏 =
(𝑇𝑇𝑠𝑠 + 𝑇𝑇∞)/2. The mass rate of change for an evaporating spherical droplet can be expressed as 

 
Figure 8: A droplet rolling with linear velocity 𝒖𝒖 on a 
heated tilted substrate well in excess of the 
Leidenfrost point.  

 
Figure 7: A free flying droplet in microgravity with 
temperature Td approaching a planar superheated 
substrate. Conduction is the zeroth-order mode of heat 
transfer to the droplet. The droplet reaches a final 
distance xf before rebounding, separated by a vapor 
layer δ. 
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𝑚̇𝑚 = −4π𝜌𝜌𝑙𝑙𝑟𝑟2𝑟𝑟𝑡𝑡 ,                        (8) 

where 𝑟𝑟𝑡𝑡 is the time rate of change of the droplet radius. The evaporative mass flowrate can be expressed in terms of 
the total heat transfer to the droplet using the expression 𝑞𝑞 = 𝑚̇𝑚(𝑐𝑐𝑝𝑝Δ𝑇𝑇 + ℎ𝑓𝑓𝑓𝑓), substitution into which Eqs. 6-8 yield 
a first order non-linear ODE describing the droplet lifetime 

𝑟𝑟𝑡𝑡 + 𝑘𝑘𝑎𝑎
2𝜌𝜌𝑙𝑙�𝑐𝑐𝑝𝑝Δ𝑇𝑇2+ℎ𝑓𝑓𝑓𝑓�𝑟𝑟

Δ𝑇𝑇3 �2 + 𝑟𝑟1/2�0.4𝑅𝑅1/2 + 0.06𝑅𝑅2/3𝑟𝑟1/6�Pr0.4 �𝜇𝜇∞
𝜇𝜇𝑠𝑠
�
1/4
� +

                                                                          1
4
� 𝑘𝑘𝑣𝑣Δ𝑇𝑇1
𝜌𝜌𝑙𝑙𝜇𝜇𝑣𝑣

1/2�𝑐𝑐𝑝𝑝Δ𝑇𝑇2+ℎ𝑓𝑓𝑓𝑓�
�
2/3

(2𝜌𝜌𝑣𝑣𝑔𝑔)1/3 = 0.             (9) 

Eq. 9 is solved numerically with initial droplet radius condition 𝑟𝑟(𝑡𝑡 = 0) = 𝑅𝑅𝑜𝑜, predicting the overall rolling droplet 
lifetime on a heated surface with constant velocity in the Leidenfrost state. The analytical result of Eq. 9 is compared 
to the experimentally measured Leidenfrost droplet lifetime results to assess the accuracy of the model. Solutions to 
Eq. 9 provide Leidenfrost droplet evaporation rates and lifetimes, both of which are useful for sizing a Leidenfrost 
droplet distiller. 

IV. Results and Discussion 
A. Microgravity 
 
1. High Velocity Leidenfrost Impacts 

Microgravity Leidenfrost droplet impact experiments are conducted with droplet impacts at various Weber 
numbers We = 𝜌𝜌𝑢𝑢2𝐷𝐷 𝜎𝜎⁄ , impact angles, surface temperature, surface wettability, and surface geometry. Figure 9 
shows a series of images taken at 15 Hz for a 1.3 mL droplet of water impacting a superhydrophobic substrate held at 
140°C in microgravity. A Logan Shooter is used to eject the water droplet free of oscillations toward the heated 
substrate with a normal velocity of 13.0 cm/s and a perpendicular impact Weber number of 3.1. The droplet impacts 
the substrate and elastically rebounds without undergoing nucleate boiling. 

A series of low-g dynamic Leidenfrost impact experiments are shown in Fig. 10 where oscillation-free water 
droplets are ejected from a Logan Shooter toward the heated substrate. Figures 10a and 10b show a series of images 
taken at 6 Hz from impacts on polished aluminum at 206°C and a superhydrophobic surface at 142°C, respectively. 
Incoming impact angles are 45° and perpendicular Weber numbers are 1.9 for both experiments. Elastic rebounds are 
observed in both experiments with outgoing impact angles of 42° for the impact on the aluminum plate and 45° for 
the impact on the superhydrophobic plate. It is clear from such demonstrations that for fixed impact Weber number, 
superhydrophobic surfaces drastically reduce the dynamic Leidenfrost point in microgravity. 

Figure 10c shows images taken at 6 Hz for a droplet impacting a superhydrophobic array of circular pillars, held 
at 140°C with pillar diameters of 0.9 mm and pillar spacings of 0.8 mm. The incoming and outgoing impact angles 
are observed to be 45° with perpendicular impact Weber number of 2.1. An elastic rebound is observed free of nucleate 
boiling. The droplet impact in Fig. 10c results in a droplet with higher mode oscillations on the surface of the droplet 
after impact compared to the aluminum surface rebound (10a) and superhydrophobic plate impact (10b) due to droplet 
deformation into the pillar gaps during impact. Figure 10d shows a series of images taken at 12 Hz of a 1.5 mL droplet 
of water painted with UV dye impacting a stainless-steel cylinder with a Weber number of 2.1. The cylinder is 9.5 

 
Figure 9: A sequence of images taken at 15 Hz of a 1.3 mL water droplet impacting a superhydrophobic 
substrate held at 140°C in microgravity. The droplet is ejected out of a Logan Shooter, free of oscillations, 
normal relative to the surface at a velocity of 13.0 cm/s with a normal impact Weber number equal to 3.1. 
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mm in diameter at 465°C. The droplet impacts and rebounds from the cylinder elastically apparently initiating a degree 
of rigid body rotation. 

 
Low-gravity Leidenfrost droplet impact experiments between two parallel plates were also conducted. Shown in 

Fig. 11 are image overlays from three experiments taken at 30 Hz of 1 mL water droplets ejected with a Logan Shooter 
into two parallel plates separated by a distance of 13.5 mm with overall length of 127 mm. Figure 11a is a water 
droplet bouncing between two superhydrophobic plates at room temperature with initial velocity of 31.9 cm/s and 
final velocity of 23.2 cm/s. The sum of incident and reflection angles 𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑅𝑅 increases from 93° to 100° over the 
course of five bounces. Figure 11b shows the same experiment, but with heated superhydrophobic plates, with the top  
and bottom plates at 168°C and 183°C, respectively. Droplet velocity decreases from 25.1 cm/s to 21.1 cm/s and the 
sum of incident and reflection angles decrease from 103° to 97° over the course of five bounces. Figure 11c shows 
the same experiment as in Fig. 11a and 11b, but with superheated polished aluminum surfaces with top and bottom 
plates held at 305°C and 366°C, respectively. Droplet velocity decreases from 26.7 cm/s to 15.6 cm/s and the sum of 
incident and reflection angles decrease from 110° to 84° over the course of five bounces. The heated plate experiments, 
unlike the non-heated plate experiment, observed decreases in the sum of incident and reflection angles. The 
experiment in Fig. 11c displays a greater decrease compared to the heated superhydrophobic plate experiment in Fig. 
11b likely due to increased Leidenfrost vapor recoil forces, which propel the droplets in a predominately perpendicular 
direction to the substrates. A larger decrease in the sum of incident and reflection angles indicates a larger vapor recoil 
force, which is observed in the superheated plates experiment. In the absence of gravity, the Leidenfrost vapor recoil 
force plays a more controlling role in the droplet behavior which may be exploited in practical systems design for 
spacecraft.  
 
2. Leidenfrost Fluid Transport in Conduits 

Low-g Leidenfrost experiments investigating fluid transport in circular conduits with bends were performed. 
Figure 12a shows 17 Hz images of an experiment where blue-dyed ethanol droplets are ejected using the passive 
capillary ejection method (ref. Fig. 5). The 60 mm long 9 mm ID glass tube ejector with converging nozzle of 1.5 mm 
ID exit was used. The glass receiving tube has a 45° bend at the outlet and is heated to > 360°C. The glass tube has 
an 8.5 mm ID and is 63 mm in length. Ejected droplet diameters are 1.9 mm, with the largest velocity droplet ejected 

 
Figure 10: Sequence of images of oscillation-free water droplet impacts for droplets ejected using a Logan 
Shooter. (a) Sequence of 6 Hz images of a 12.6 cm/s 1.1 mL droplet impact at 45° on a polished aluminum 
substrate at 206°C, rebound angle is 42° likely due to viscous drag on impact. (b) 12.3 cm/s 1.2 mL droplet 
impacting a superhydrophobic surface at 142°C, rebound angle is 45°. (c) 13.2 cm/s 1.0 mL droplet impacting 
a superhydrophobic array of 0.9 mm diameter circular pillars and 0.8 mm spacing at 140°C, rebound angle is 
45°. (d) 12 Hz images of 10.4 cm/s 1.5 mL droplet painted with UV fluorescent dye impacting a 9.5 mm diameter 
stainless-steel cylinder at 465°C.  
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at 38.4 cm/s resulting in We = 10. Elastic Leidenfrost impacts are observed and the droplets successfully traverse the 
conduit and exit without wetting/touching any surfaces. Figure 12b shows 15 Hz images of a similar test where ethanol 
is ejected from the same nozzle as in Fig. 12a, but into a glass tube with 180° bend. This tube has a 4 mm ID and 64 
mm length and is heated to > 360°C. Droplets ejected into the tube are 1.8 mm in diameter with the largest velocity 
of 41.6 cm/s, resulting in We = 11. All droplets rebound elastically in the Leidenfrost state, traversing the bend and 
exiting the tube without wetting any surfaces. Figure 12c shows 17 Hz images of a pressure driven jet of blue-dyed 
ethanol from a 20-gauge needle, which breaks up via Plateau-Rayleigh instability into a stream of droplets. This 
droplet stream is ejected into the same glass tube as in Fig. 12b, heated to > 360°C. The ejected droplets have maximum 

diameters of 2.6 mm and 
average velocity of 22.0 cm/s, 
resulting in We = 4.5. The 
entire stream of droplets 
traverses the bend, making it 
through the conduit without 
contact, wetting or nucleate 
boiling. 

Ethanol Leidenfrost jet 
experiments in microgravity 
are conducted in coiled glass 
tubing. Figure 13 shows 60 Hz 
overlay images for three 
experiments where jets of 
ethanol are ejected into the 
superheated 6 mm ID glass 
coiled on an 85 mm OD at > 
360°C. The pressure-driven 
ethanol jets are again ejected 
through a 20-gauge syringe. 
Figure 13a shows an overlay of 
a test where the jet is ejected 
into the superheated glass coil 
with an open inlet. The jet 
breaks up into a stream of 
droplets that traverse the coil 
bends in the non-contact 
Leidenfrost mode. Droplets 
exit out of the outlet of the coil 
as identified by the red arrow. 
However, a buildup of droplets 
is observed near the inlet of the 
coil caused by vapors produced 

expanding both up and down stream, effectively halting the flow. When the inlet is sealed, as is the case in Fig. 13b, 
the ethanol jet evenly distributes throughout the coil and no buildup of fluid in the coil at the inlet is observed, the 
vapors produced propelling the droplets downstream and out of the coil. In Fig. 13c the same test is conducted, but 
with the addition of a 5.5 Lpm airflow through the coil and an open inlet. An even distribution of droplets is observed 
as in the experiment shown in Fig. 13b where no droplet buildup occurs. Such demonstrations provide ready examples 
of how essentially passive non-contact droplet delivery and Leidenfrost transport methods can be achieved in conduits. 
Based on such tests, a prototypical distillation system may require as little as ~ 15 m length of tubing for complete 
distillation. 

 
3. Low-Velocity Leidenfrost Impact 

Low velocity Leidenfrost droplet impact experiments in microgravity were conducted. Weber numbers on the 
order of 10-4 or less are desired to produce millimetric vapor layer thicknesses predicted in Eq. (4) for low velocity 
Leidenfrost impacts. Ethanol and liquid nitrogen are used in these demonstration experiments for their relatively low 
specific heat and latent heat of vaporization. Liquid nitrogen is of particular interest for such experiments due to its 
low saturation temperature −195.8°C making room temperature surfaces Leidenfrost temperature surfaces. 

 
Figure 11: 30 Hz overlay images of 1 mL water droplets ejected in low-g with a 
Logan Shooter bouncing 5 times between parallel plates. The 127 mm long 
plates are separated by a distance of 13.5 mm. (a) Two superhydrophobic plates 
at room temperature: velocity decreases from 31.9 cm/s to 23.2 cm/s and 𝜽𝜽𝒊𝒊 +
𝜽𝜽𝑹𝑹 increase from 93° to 100°. (b) Two heated superhydrophobic plates with the 
top and bottom plates at 168°C and 183°C, respectively. Droplet velocity 
decreases from 25.1 cm/s to 21.1 cm/s and 𝜽𝜽𝒊𝒊 + 𝜽𝜽𝑹𝑹 decrease from 103° to 97°. 
(c) Two polished aluminum plates with top and bottom plates at 305°C and 
366°C, respectively. Droplet velocity decreases from 26.7 cm/s to 15.6 cm/s and 
the sum of 𝜽𝜽𝒊𝒊 + 𝜽𝜽𝑹𝑹 decrease from 110° to 84°. 
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Passive capillary ejection of ethanol droplets into a converging nozzle toward heated surfaces at low impact angles 
were performed in microgravity. Figure 14 shows 120 Hz image overlays of a 1.9 mm ejected droplet of ethanol 
impacting a superheated plate at 400°C. The incoming velocity and angle of the droplet are 11.7 cm/s and 2.3°, 
respectively, resulting in perpendicular impact speed and perpendicular Weber number of 4.7 mm/s and 0.0015, 
respectively. The outgoing speed and angle are 11.4 cm/s and 7.6°, respectively, with perpendicular exit velocity of 
15.1 mm/s. The three-fold increase in perpendicular velocity from pre- to post-impact suggests the magnitude of 
acceleration induced by droplet vaporization, which is readily detected.  This force may be used to solve inversely for 
the evaporation rates for a more quantitative assessment of the assumptions leading to Eq. (4). Further analytical 
comparisons will be reported at a later date. 

 
To further investigate vapor recoil forces impacting Leidenfrost phenomena in low-g environments, a series of 

drop tower tests were conducted to establish perpendicular Weber numbers ~ 10-4 or less, where droplets of liquid 
nitrogen are ejected parallel to a superheated substrate. Liquid nitrogen droplets are ejected using an aluminum Logan 
Shooter, where the non-wetting function is performed by the Leidenfrost vapor layer for liquid nitrogen instead of 
superhydrophobic surfaces for water, as was demonstrated in Fig. 4. Figure 15 shows 120 Hz overlay images of a 
liquid nitrogen droplet ejected nearly parallel to a heated surface at 450°C. The 1.7 mm droplet is ejected at speed of 
60.6 cm/s at an approximately 0.2° impact angle. The ejection location is 2.7 mm above the planar heated substrate. 
The droplet traverses over the heated surface for a 0.61 s duration. While traversing the surface, the drop is redirected 
away from the surface to a distance of 3.9 mm after 370 mm of travel. The total deflection caused by vapor recoil 
forces is 𝛿𝛿 = 1.2 mm. From the scale expression of Eq. 4, we estimate a vapor layer thickness of 1.6 mm for this 
outcome, which is in fair agreement with the experimental observations.  
 
B. Terrestrial Leidenfrost Droplet Evaporation 

To estimate droplet residence time in a ‘Leidenfrost distiller,’ droplet lifetime experiments are conducted using 
the rotating, heated superhydrophobic Leidenfrost channel apparatus described in Section 2C. The capillary-sized 

 
Figure 12: Microgravity Leidenfrost droplet experiments in glass tubes. (a) Passive capillary ejection of blue-
dyed ethanol droplets: 17 Hz images of 38.4 cm/s, 1.9 mm droplets into an 8.5 mm ID 63 mm long glass tube 
bent 45° at one end and held at > 360°C. (b) 15 Hz images of 41.6 cm/s, 1.8 mm ethanol ejected into 4.0 mm ID, 
63 mm long tube with 180° bend. (c) 17 Hz images of a pressure driven ethanol jet ejected from a 20-gauge 
needle into the glass tube of (b), producing 2.6 mm droplets at average velocity 22 cm/s. 
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droplets of distilled water with initial volume ~ 0.029 mL are deployed in the superhydrophobic channel held at 170°C. 
Figure 16 provides a plot of droplet lifetimes as a function of linear droplet velocity for various plate tilt angles. Also 
plotted are the droplet lifetime results from numerical solutions to Eq. 9. 

The experimental results show a general decrease in droplet lifetime for all tilt angles as droplet velocity is 
increased due to increases in convective heat transfer. This trend is captured in the analytical results as well. For the 
same droplet velocity, droplet lifetime decreases as tilt angle is increased. This is due to increased droplet contact area 
with the heated plate due to the semi-circular cross-sectional geometry of the heated channel. Conduction is the 
dominant mode of heat transfer and as a result, increased contact area plays a large role in determining the droplet 
lifetime. This is not captured in the analysis since the solution for the droplet lifetime assumed a droplet rolling on a 
flat surface. Overall, the analytical model predicts droplet lifetimes reasonably well for tilt angles of 15° or lower, 
with maximum deviation of ± 30% for all experimental results conducted. 

 
 

To demonstrate temperature, pressure, and 
concentration effects, droplet distillation 
experiments are conducted using the same 
apparatus but employing flat beer, urine, and 
25 g/L aqueous solutions of NaCl, KCl, and 
sugar. Controlled solute-solvent separation is 
also observed for all fluids used. An example 
of solute-solvent separation is shown in Fig. 6 
for separation of water and NaCl. Deposition 
of solutes on the superhydrophobic surface 
was observed. The surface was fouled from 
the dissolved solutes in solutions precipitating 
out of solution near the end of all tests 
performed. The ability to clean the heated 
superhydrophobic surface from deposited 
solutes from the various solutions is easily 
demonstrated, exploiting the ‘self-cleaning’ 
nature of such surfaces. For example, 
dispensing a droplet of water into the rotating 
channel readily re-dissolves the solutes, 

 
Figure 13: 60 Hz overlay images for three drop tower tests where jets of dyed ethanol are ejected into a 6 mm 
ID glass coil with OD of 85 mm at > 360°C: (a) Jet of ethanol ejected into a superheated glass coil with an open 
inlet and no airflow, (b) jet ejected with a plugged inlet and no airflow, and (c) jet ejected with open inlet and 
5.5 Lpm airflow.  

 
Figure 14: An image overlay, taken at 120 Hz, of a 1.9 mm 
droplet of ethanol with incoming velocity, 𝒖𝒖𝒊𝒊, of 11.7 cm/s and 
incoming, 𝜽𝜽𝒊𝒊, and outgoing angles, 𝜽𝜽𝒆𝒆, of 2.3° and 7.6°, 
respectively. Normal impact Weber number was found to be 
1.5*10-3. Incoming and outgoing normal velocities were found to 
be 4.7 mm/s and 15.1 mm/s, respectively. 

 
Figure 15: 120 Hz image overlay for a 1.7 mm liquid nitrogen 
droplet ejected at 60.6 cm/s from a Logan Shooter, nearly parallel 
to a planar surface at 450°C. The droplet has an impact angle of 
~ 0.2°, and is ejected 2.7 mm away from the wall, before being 
propelled upward due to vapor recoil forces and ending up 3.9 
mm from the wall. Measured vapor layer thickness is 1.2 mm.  
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cleaning the surface, and recovering the superhydrophobic characteristics of the surface to pre-experiment conditions. 
These observations again demonstrate additional favorable attributes for a Leidenfrost distillation system promoting 
non-contact distillation.  

V. Summary 
Terrestrial and microgravity investigations of the Leidenfrost phenomenon relevant to potential application aboard 

spacecraft life support systems have been presented. Analytical models are presented that predict Leidenfrost vapor 
layer thicknesses in microgravity for low velocity droplet impacts. A model for dynamic Leidenfrost droplets rolling 
on heated surfaces is also presented accounting for conduction and forced convection heat transfer to the droplets. 

Novel microgravity Leidenfrost impact experiments are presented showcasing a variety of high-velocity dynamic 
Leidenfrost impacts on planar surfaces, surfaces with macro-roughness, and surfaces with cylindrical cross-sectional 
geometry in short duration drop tower tests. Also demonstrated are Leidenfrost droplet transport experiments through 
tortuous conduits in microgravity where droplets and streams of droplets are ejected through superheated tubes of 
varying lengths, diameters, and pathway geometry. Droplet transport between plates is presented where it is found 
that droplets bouncing between two parallel superheated plates experience decreases in incident and reflected angles 
due to Leidenfrost vapor recoil forces acting perpendicular to the impacted surfaces. This vapor recoil force is 
observed in low-velocity impacts where ethanol droplets are shown to propel away from superheated surfaces at 
increased normal velocity. In perhaps a first observation, the production of a large ‘millimetric’ vapor layer thickness 
of a liquid nitrogen droplet ejected nearly parallel to a superheated surface was achieved. The observed deflection of 
the droplet was measured to be 1.2 mm, which is in good agreement with the analytical prediction from Eq. 4 of 1.6 

mm for the vapor layer thickness. Terrestrial 
vapor layers are typically ‘micro-metric.’ 

To estimate possible performance of such 
processes in the sustained low-g 
environment of orbiting spacecraft, 
terrestrial Leidenfrost droplet lifetime 
experiments are presented for a stationary 
drop on a rotating Leidenfrost stage. The 
results show decreased droplet lifetime with 
increased droplet velocity, as well as a 
general decrease in droplet lifetime with 
increased tilt angles. Results from the 
mathematical model developed compare 
well with experimental results. The analyses 
capture general droplet lifetime trends as 
well as overall droplet lifetimes to within ± 
30%. The tests performed herein are 
supported by analyses that show how 
Leidenfrost phenomena is significantly 
enhanced in low-g environments. 

With this knowledge, the utility of 
Leidenfrost phenomenon in microgravity is 
revealed as an attractive means of 
establishing essentially non-contact methods 
of fluids transport aboard spacecraft. For the 
present example, both experimental and 

theoretical results for Leidenfrost droplet lifetime and evaporation rates can serve as preliminary design tools for a 
Leidenfrost distillation system. We demonstrate non-contact microgravity Leidenfrost droplet impact phenomena on 
a variety of surface geometries for a variety of impact conditions. Leidenfrost droplet impacts in circular conduits are 
particularly applicable to practical microgravity distiller design. We also show how the addition of 
superhydrophobicity drastically reduces Leidenfrost temperatures for water from ~ 206°C to as low as ~ 140°C in 
microgravity. Such superhydrophobic substrates are observed to reduce fouling substantially, with fouled 
superhydrophobic surfaces capable of recovering their non-wetting characteristics after a simple rinse with clean 
water. These demonstrations encourage further exploitation of Leidenfrost phenomena towards fluids processing 

 
Figure 16: Droplet lifetime vs. droplet velocity for ~ 0.029 mL 
droplets of distilled water in a superhydrophobic semi-circular 
channel at 170°C at varying tilt angles, with comparisons to 
analytical model of Eq. 9.  
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applications aboard spacecraft, such as water recovery via non-contact distillation from contaminated water sources 
for life support. 
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