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H I G H L I G H T S

• We present a thin-film boiling engine with a manual control of the power output.
• We support the weight of the rotors and indirectly vary the pressure in the vapor layer.
• We control the power output by changing the gap between the rotor and substrate.
• We achieve about 3.5 times increase in efficiency compared to levitation-based engines.
• An analytical model is used to characterize and explain the rotation.
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Overcoming friction between moving components is important for reducing energy losses and component wear.
Hydrodynamic lubrication via thin-film boiling provides an opportunity for reduced friction energy and mass
transport. A common example of such lubrication is the Leidenfrost effect, where a liquid droplet levitates on a
cushion of its own vapor on a surface heated to temperatures above the liquid’s boiling point. An asymmetry in
this vapor flow, self-propels the droplet on the surface due to viscous drag, converting thermal energy to me
chanical motion, like a heat engine. Although levitation significantly reduces friction, the induced self-propulsion
depends on substrate geometry and material properties, which limits dynamic propulsion control. Therefore, the
ability to control the power output is a significant challenge in realizing operational mm and sub-mm scale
virtually frictionless engines. Here, we present a thin-film boiling engine where we control the power output
mechanically. The rotor, which comprises of a working liquid coupled to a non-volatile solid, is manually
positioned over a heated turbine-inspired stator in a thin-film boiling state. We show that by controlling the
position of the rotor over the substrate the power output from the rotation can be controlled above and below the
Leidenfrost temperature (~250 ◦ C). We explain these experimental observations using a hydrodynamic
analytical model. Additionally, we achieve propulsion outputs almost 4 times higher than levitation-based
propulsion systems. The ability to control the rotation characteristics of such virtually frictionless engines al
lows potential applications in extreme environments such as at microscales or for space and planetary
exploration.

1. Introduction
Recent interest and advancements in space exploration has gener
ated a need for technologies that can accomplish in-situ resource utili
zation on spacecraft and planetary bodies [1]. System scale
miniaturization for applications such as, fuel and propellant synthesis

[2,3], planetary terraforming [4,5], regolith processing [6] and, more
importantly, energy generation [1,7,8], is also critical to reduce raw and
processed material transportation volumes. Energy production in these
extreme environments is essential for these applications, wherein,
micro- and meso-scale thermomechanical engines [9,10] may provide
possible alternatives to traditional photovoltaic, wind and nuclear
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energy systems.
Micromachining advancements provided breakthrough in miniatur
izing established gas and vapor thermodynamic cycles, like Brayton,
Otto and Rankine cycles. Development of internal combustion micro
engines [11,12], gas turbines [13,14], steam turbines [15] and related
micro-components like boilers [16] and micropumps [17,18,19] pre
sented challenges in thermal management [20] and overcoming fric
tional forces. Due to a high surface area to volume ratio at these small
scales, solid friction between moving components introduces significant
energy losses and component wear [21,22]. Friction reduction can be
achieved by removing contact between a stator and a rotor using levi
tation via electric [23,24] and magnetic fields [25] or hydrodynamic
flows using liquid [26,27] and vapor [28] bearings. Primarily employed
for micromotors, such mechanisms generally require multi-component
design, small tolerances and complex machining processes, making
them unsuitable for thermal energy harvesting.
Another method for providing lubrication with reduced system
complexity has been explored via thin-film boiling of a working sub
stance. Most commonly observed as the Leidenfrost effect, where a
liquid on contact with a superheated substrate levitates on a cushion of
its own vapor [29,30]. The lubrication provided by the vapor layer
provides extreme mobility to the levitating liquid droplet (or sublima
ting solid), which allows propulsion via small forces using externally
applied electric [31] and magnetic [32] fields. More significantly, these
levitating objects can self-propel by introducing an asymmetry in the
vapor flow, either through asymmetrically textured surfaces [33,34,35]
or through an asymmetric mass distribution [36,37]. Asymmetric tex
tures
like
nanorods
[38],
macro
scale
ratchets
[39,40,41,42,43,44,45,46] and herringbones [34] entrain the vapor
asymmetrically that produces a viscous drag on the levitating object,
propelling it in a specific direction. In the case of an asymmetric mass
distribution, an unbalanced pressure in the vapor layer produces the
propulsion force [37]. This simultaneous lubrication and self-propulsion
has been used to rotate volatile and non-volatile objects using similar
principles through asymmetric mass distributions [37,47,48] and
turbine-like textured substrates [49,50]. This thermal energy conversion
to mechanical motion illustrates the working of a heat engine, where the
thermodynamic cycle is similar to a Rankine cycle, with a key difference
that the heat input and work output operations are performed in a single
stage, which simplifies system design.
Although thin-film boiling virtually eliminates friction, a significant
limitation of these levitation-based engines is the inability to dynami
cally control their power output. In the thin-film boiling regime, the selfpropulsion depends on the thickness of the vapor layer which depends
on the operating temperature and, liquid and substrate material prop
erties. The onset of thin-film boiling, i.e. the Leidenfrost temperature,
can be controlled by altering the ambient pressure [51,52,53] and the
surface wettability [54,55,56]. Additionally, by using superhydrophobic
coatings the transition to thin-film boiling can be smoothed [57,58] and
liquid propulsion can be observed even below the Leidenfrost temper
ature [50,59]. However, at the onset of thin-film boiling the rotation
outputs become almost temperature invariant [50,59], which inhibits
any power control mechanism and also limits the practical efficiency of
operation.
In this work, we present a thin-film boiling engine with a manual
power output control. We continuously drive a non-volatile solid rotor
coupled to a liquid volume held in a thin-film boiling state over a
turbine-inspired substrate. We support the weight of the rotor using
mechanical bearings, while continuously feeding the evaporating liquid.
We show that by adjusting the distance between the rotor and the sub
strate, we can control the rotation speed over a wide temperature range,
above and below the Leidenfrost temperature. In doing so, we identify
conditions where we overcome the limits of Leidenfrost propulsion and
achieve significantly higher rotation outputs compared to levitationbased engines. Using the analogy of a liquid bearing [27], we employ
an analytical model to explain our experimental observations to changes

in the pressure in the vapor layer. The low friction operation of such
thin-film boiling engines can be utilized at microscales for thermal en
ergy harvesting, while compatibility with solid and liquid working
substances is advantageous for power generation in extreme environ
ments. Such engines are also compatible with different types of liquid
and solid working substances which provides opportunities for devel
oping next generation engines for space and planetary exploration.
2. Propulsion control concept
Fig. 1 (a) depicts our thin-film boiling engine which comprises of a
solid rotor coupled to a liquid, manually positioned in a thin-film boiling
state over a turbine-inspired substrate. The thermodynamic cycle of this
thin-film boiling engine is similar to a traditional Rankine cycle, where
the working substance undergoes phase change in a boiler to produce
work output over a turbine. However, a key difference here is that the
phase change and work-output operations are performed simultaneously
in a single stage (Fig. 1). This in-situ arrangement is favored by the
millimetric scale of the device as compared to traditional steam cycles
and is beneficial in reducing transportation losses of the working fluid.
In a Rankine cycle the power output depends on the pressure dif
ference between the boiler and the condenser; a higher pressure differ
ence increases the power output. We employ a similar principle here for
altering the power output, where the pressure in the liquid working
substance is altered by pressing it on the heated substrate, while the
condenser is at atmospheric conditions. By moving the rotor mechani
cally up and down, we alter the available volume of liquid between the
rotor and the substrate, to the point where the liquid bulges out of the
confined space but does not spill out from the substrate (as depicted in
Fig. 1 (a)). The pressure in the liquid will be identified by the dynamics
of rotation and the curvature of the deformed liquid–air interface as the
liquid bulges out. The theoretical efficiency of this cycle will not exceed
the Carnot efficiency (ηth = 1 − Tl /Th ), where Tl is the temperature of the
sink and Th is the source temperature. However, the maximum practical
efficiency will be determined by the maximum pressure that can be
generated by the given device scale at the given operating conditions.

Fig. 1. (a) Depiction of the thin-film boiling engine, comprising of a solid rotor
coupled to a liquid working substance by surface tension. The liquid working
substance is in a thin-film boiling state over the heated substrate, while the
position of the rotor above the substrate can be manually changed. (b) Depic
tion of the transformation cycle of a working substance in a thin-film boiling
engine. The phase-change (boiler) and work output (propulsion/turbine) op
erations are performed in a single stage on the substrate.
2
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3. Experimental method

the accuracy of the Raspberry Pi measurements, initial experiments
were performed where the rotation speed obtained from the microcon
troller was compared to speed obtained from side view images of the
rotor. A black spot was marked on the side of the rotor, where the
number of frames between its occurrence in images, captured using a
camera (recording at 100 fps), was used to obtain the rotation speed
from the camera images. The maximum difference obtained in the
measurements from the microcontroller and the images for over 12
experiments was about 4%.

3.1. Experimental setup
3.1.1. Substrate design
The turbine-inspired substrates are produced by computer numerical
control (CNC) machining rectangular grooves in an aluminum substrate,
as depicted in Fig. 2 (a). Two different substrates are machined with
groove depths (D) of 0.1 mm and 0.5 mm and groove width (W) of 1 mm.
The groove arc is made of 3 straight lines of length 5 mm each oriented
at an angle α = 45◦ with the center. The radius of the working area of the
substrate R = 15.05 mm, the substrate has an additional raised section of
width 2 mm and height 1 mm to minimize spillage of the liquid from the
working area due to centrifugal forces acting on the liquid volume
during rotation. At the operating temperatures above the Leidenfrost
temperature the vapor layer between this ring and the liquid removes
direct contact [49]. This raised section comprises of grooves, continuing
from the substrate geometry, to provide an access to water feed via a
needle from a syringe pump (Cole Parmer single-syringe infusion pump).
For operation below the Leidenfrost temperature the substrates are
made superhydrophobic using a commercial nanoparticle-based spray
treatment to reduce friction due to contact line pinning (more details in
Supplementary information S3).

3.1.3. Bearing resistance estimation
The resistance of the ball bearings is estimated using a spin test. The
plate is manually given an initial spin and left to decelerate in ambient
conditions (temperature of approximately 24 ◦ C) to rest. The bearing
resistance comprises of a starting torque Γr and a dynamic friction term
varying with the rotation speed Γω . The dynamic friction term is pro
portional to the normal reaction on the balls, which depends on the
centrifugal force, therefore, Γω = cω ω2 .
The equation of motion of the plate as it decelerates can be written
as:
Ip ω̇ = − Γr − cω ω2 ,

(1)

where, Ip is the moment of inertia of the aluminum rotor, ω is the
angular speed of rotation and cω is the coefficient of the dynamic fric
tion. With an initial condition of ω = ωmax at t = 0, the solution to Eq.
(1) is:
( )
(
)
ω
ωmax
ωr cω t
atan
,
(2)
= atan
−
ωr
Ip
ωr

3.1.2. Rotor design
The rotor consists of water (1–4 cm3) as the liquid working sub
stance, coupled to an aluminum plate (R = 15 mm) through surface
tension. The aluminum plate also consists of a shaft (diameter 3 mm and
length 10 mm) which is mounted on a z-stage using two ceramic bear
ings (CCZR-693PK-2PKS, SMB bearings) with outer-diameter 8 mm and
inner-diameter 3 mm, as shown in Fig. 2 (b). The z-stage is used to
manually alter the gap between the plate and the substrate. Bearing
resistance tests are performed before and after each thin-film boiling
experiment to assess any significant difference in the bearing perfor
mance during the experiment; more details in the Supplementary In
formation S2. The rotation speed is monitored using a custom-built
rotary encoder mounted on the rotor as shown in Fig. 2 (b). The encoder
consists of an aluminum foil mounted on the rotor shaft between a
photodiode and a LED. The output from the photodiode is recorded on a
Raspberry Pi 3 to calculate the time between two instances when the
aluminum foil blocks the light from the LED; this time equates to a half
rotation. The uncertainty in the measurement from the Raspberry Pi
depends on the data acquisition rate and the rotation speed of the rotor.
The data acquisition rate of the Raspberry Pi is set at 100 data per sec
ond, i.e., a delay of 10-millisecond in the program loop. The corre
sponding uncertainty in the measured speed at about 30 rad/s is 10.5%.
This measurement uncertainty decreases with the rotation speed. For
example, the maximum speed recorded in the final rotation experiments
is about 18 rad/s, where the measurement uncertainty is 6%. To obtain

√̅̅̅̅̅̅̅̅̅̅̅̅
where ωr = Γr /cω . The experimental data of the speed against time is
fitted with Eq. (2) to obtain the fitting parameters ωr and cω (Fig. 2 (c)).
The starting torque is then obtained as: Γr = cω ω2r .
3.2. Experimental procedure
The substrate is heated over a hot plate (Stuart UC 150) at the desired
temperature and the temperature of the substrate is monitored using a Ktype thermocouple in contact with the substrate at the side. Before
starting the thin-film boiling experiments, the rotor is given an initial
spin to estimate its frictional torque in ambient conditions at the start of
the experiment. A fixed volume of water is deposited on the substrate,
which reduces the monitored temperature by about 10–20 ◦ C. A
continuous flow of water from the syringe pump is initiated at a flow
rate that is pre-calibrated for each temperature. The aluminum rotor is
then lowered using the z-stage to contact the liquid until it starts
rotating. During this process there might be ejection of droplets from the
gap between the plate and the substrate, which changes the volume of
the liquid over the substrate from the initially deposited volume. A side

Fig. 2. (a) Depiction of the substrate geometry used in the experiments with rectangular cross-section grooves of width W and depth D arranged in a turbine-inspired
spiral geometry composed of 3 straight sections. (b) Depiction of the experimental setup with the aluminum rotors supported by a bearing assembly. The rotation is
measured using a custom-built encoder. (c) Variation of speed with time of the rotor as it decelerates to rest during the spin experiment. Eq. (2) is fitted to the data to
measure the resistive torque from the bearings.
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view of the rotors is monitored using a camera (UI-3130LE, IDS imaging
systems) to measure the gap between the plate and the substrate, and the
liquid rotor configuration over time. The temperature of the substrate is
monitored throughout out the experiment and is observed to vary
within ±5 ◦ C. At the end of the experiment, the rotor is lifted from the
substrate and the bearing resistance measurement procedure is repeated
to measure its resisting torque at the end of the experiment. The rotor is
then left over the hot plate for about 900–1200 s to vaporize the
condensate in the bearings. In this unsealed experimental setup, the
condensate is observed to increase the bearing resistance over the
duration of the experiment; more details in the Supplementary Infor
mation S2. The rotor assembly is then removed from the hot plate and
left to cool down for about 1200–1800 s in ambient conditions before
starting the next experiment. The frictional torque from the bearings, for
one experiment, is taken as an average of the values obtained from the
spin tests before and after the respective experiment. This experimental
protocol is developed after conducting several tests on the bearing
performance under different conditions, as described in Supplementary
Information S1.

resisted by the inertial resistance due to the liquid deformation in the
grooves [34] and the friction in the bearing. The rotor eventually attains
a terminal (constant) angular speed (ωt ) when the resistance to rotation
balances the driving torque (Fig. 3 (b)). The rotor undergoes abrupt
changes in its acceleration to a terminal speed, as seen in the data in
Fig. 3 (b) at around t = 5 and t = 13 s. These abrupt changes in the
rotation speed coincide with droplet ejection events from the gap be
tween the substrate and the rotor as observed around the time t = 5 s in
Fig. 3 (a) (iii).
As the rotor accelerates, centrifugal force on the liquid increases,
pushing the liquid towards the circumference, where spillage is mini
mized due to the designed 1 mm raised section in the substrate. A vapor
bubble also forms at the center due to a high pressure in the vapor layer
[60,61]. This bubble size depends on the scale of the substrate, substrate
design and the centrifugal force due to rotation [50]. The bubble de-wets
the liquid from the rotor and redistributes it towards the circumference
in the shape of a ring, aiding the droplet ejection process. For a specific
volume of liquid between the gap, at a critical speed the liquid over
comes the surface tension at the liquid–air interface (on the side) and
breaks out of the liquid volume as a droplet. In the Fig. 3 (a) (iii) this
droplet ejection event is seen as a mist and small droplets due to the
spontaneous explosive boiling of the ejected droplet when it contacts the
surrounding area on the hot plate.
Due to this droplet ejection event the liquid volume over the sub
strate at terminal speed is different from the initial conditions at which
the rotation starts. This is qualitatively observed in Fig. 3, where at t = 5
s, i.e. just after the droplet ejection, the radius of curvature at the liq
uid–air interface is larger than at t = 0 s. The radius of curvature then
decreases as the plate further accelerates and centrifugal forces push the
liquid out. It is observed that the terminal speed of rotation depends on
the radius of the curvature across all the gaps between the rotor and
substrate (Fig. 4). For a given gap H, a configuration with a smaller
radius of curvature (R1 < R2 ) shows a higher terminal speed compared
to the case with a higher radius of curvature (Fig. 4 (b)).
As the timing and the volume of the ejected droplet is variable, the
radius of curvature at the terminal speed of rotation is not controlled. To
maintain consistency in the analysis across different gaps and temper
atures we consider only the experiments where the radius of curvature is
between 0.5H and 0.7H. For these experiments Fig. 5 shows the varia
tion of terminal angular speed with different gap H for different oper
ating temperatures T. As the gap between the rotor and the substrate
decreases, the terminal speed of rotation is observed to increase. The
variation with temperature at a given gap does not follow any specific
trend, and is mostly invariant, which agrees with previous observations
in a freely levitating rotor [50,59]. For smaller gaps the maximum ter
minal speed saturates, which may be due to the large size of the vapor
bubble in these small liquid volumes that leads to a significant torque
loss, due to reduced liquid coverage over the substrate. The droplet
ejection event is observed at all gaps as at large gaps the Laplace pres
sure is insufficient to hold the liquid, while at smaller gaps the increased
centrifugal forces (due to higher speeds) aid droplet break-up.
The increase in terminal speed of rotation with decrease in H can be
attributed to the reduction in liquid viscous dissipation due to a lower
volume of available liquid for torque transfer from the vapor layer to the
solid rotor. However, experiments with a freely levitating rotor on the
same substrate design do not show any significant differences in the
terminal speed or torque for similar values of gap between the solid plate
and the substrate (indicated by the band thickness) [50]. Therefore, the
mechanical control of H is altering the torque generated from the vapor
layer, which will be discussed in the following Section 5. We also
observe a significant enhancement in the terminal speed of rotation
compared to freely levitating rotors, despite the added solid friction
from the bearing (Fig. 5).
Fig. 6 shows an example of dynamic control of the rotation speed
with changing gap between the rotor and the substrate. After every
change in the gap between the rotor and the substrate, the total volume

4. Experimental results
A typical rotation sequence of the rotor, starting from rest is shown in
Fig. 3 (a). As mentioned in Section 3.2, once the aluminum rotor is
coupled to the water over the substrate (Fig. 3 (a) (i)), the rotor is
lowered even further till rotation is initiated (Fig. 3 (a) (ii)). The rotor
accelerates from rest due to the driving torque from the vapor and is

(a)

(i)

Initial
(ii)

(iii)

Bearing holder
Rotor
Liquid-air interface

Substrate

(iv)

(v)

(b)

Fig. 3. (a) Image sequence of rotation of the couple aluminum rotor and water
over the substrate, with a depiction of the liquid and solid rotor configuration
over the substrate. The rotation starts after the liquid is pressed against the
heated substrate heated at T = 325 ◦ C. The groove depth D = 500μ m and the
flow rate for stable rotation is 19 mm3/s. The black line on the bottom right
represents the scale bar (3 mm). Droplets ejected from the gap between the
rotor and substrate vaporize after falling on the hot plate and are seen as mist
and small droplets in (iii). (b) Variation of angular speed of the rotor with time.
The droplet ejection events are indicated by dashed red lines and are accom
panied by sudden variations in the angular acceleration of the rotors (experi
mentally observed in (a) (iii) at t = 5 s). Videos of rotation are provided in
supplementary videos ‘SV1.avi’ and ‘SV2.avi’.
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Fig. 4. The effect of liquid curvature on
the terminal angular speed. (a) Images of
two rotor configurations for the same gap
between the plate and the substrate with
R1 < R2 . (b) Variation of terminal angular
speed with different gap between the plate
and the substrate H for the two rotor
configurations. At the same gap between
the substrate and the rotor, a higher
radius of curvature of the liquid–air
interface (R2 ) results in a lower terminal
angular speed compared to a smaller
radius of curvature (R1 ).

(b)

the angular speed vs time curve by a linear fit at time t = 0. However, as
the droplet ejection timing and volume is random, in most cases there is
not enough data resolution near t = 0 to provide an accurate compar
ative value for torque. Therefore, we rely on the terminal angular speed
as an indirect measure of the torque as will be discussed and derived in
Section 5.
5. Analytical model and discussion
5.1. Analytical model
As mentioned in the experimental results in Section 4, the rotation of
the liquid and solid is driven by a torque from the vapor layer and
resisted by inertia of the liquid deforming over the substrate grooves
(Fig. 7). The rotor motion is also resisted by the friction in the bearings
that connect the rotors with the z-stage. Considering these torques, the
equation of motion of the rotation can be written as:
)
(
(3)
I ω̇ + ci ω2 = Γv − Γr + cω ω2

Fig. 5. Variation of terminal angular speed with gap for different temperatures
for the substrates with D = 100 μm and D = 500 μm. The shaded red and blue
regions represent the terminal angular speed obtained with a freely levitating
rotor forD = 500 μm and D = 100 μm, respectively [50]. The color bar on the
right indicates the substrate temperature (T).

where, I is the moment of inertia of the combined liquid and solid rotor,
ci is the coefficient of inertial resistance due to the liquid deformation
over the grooves and ω is the angular velocity of the rotor assembly. The
solution to Eq. (3) can be written as:

ω = ωt tanh(t/τ),
where ωt is the terminal speed of rotation given by:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Γv − Γr
,
ωt =
ci + cω

(4)

(5)

Fig. 6. Variation of the rotation speed with changing gap between the rotor
and the substrate for a substrate with D = 100 µm. The temperature of the
substrate is 320 ◦ C.

available between the rotor and the stator changes, which leads to the
ejection of water droplets from the side. As a result of this change in
water volume, the rotation speed decreases momentarily before accel
erating to the terminal speed for the new rotor–stator configuration.
It is important to note that the rotation characteristics of this system
can be fully characterized by two parameters: starting torque (Γv ) and
terminal angular speed (ωt ). The terminal angular speed is directly
measured from the experiments, while the torque can be obtained from

Fig. 7. (a) Depiction of the different torques acting on the rotor: (b) driving
torque Γv from the vapor flow rectification, (c) inertial resistance ci ω2 due to
liquid deformation and static and dynamic friction, Γr and cω ω2 , respectively,
from the bearing. ε is the deformation of the liquid volume into the rectan
gular grooves.
5
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and τ is the relaxation time, which is indicative of the rotor accel
eration, given by:
I

using bearings. In this configuration, the coupled liquid–solid rotor
configuration resembles a liquid bridge between parallel plates with a
pinned contact line as shown in Fig. 8 (a). In this liquid bridge the
average normal pressure on the plates comprises of the Laplace pressure,
dependent on the radius of curvature of the liquid air interface (Rc ), and
the contact line tension dependent on the contact angle θl [62]:

(6)

τ = √̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅.
(Γv − Γr )(ci + cω )

For the turbine geometry used in the experiments the flow in the
grooves is driven by the evaporative flux v0 (Fig. 7 (b)). Assuming
thermal conduction as the dominant mode of heat transfer through the
vapor layer and that the heat goes into phase change of the liquid, the
evaporative flux can be written as v0 = kΔT/(hv ρv L), where, k is the
thermal conductivity of the vapor layer, ΔT is the temperature differ
ence between the substrate and the boiling point of the liquid, ρv is the
density of the vapor, L is the latent heat of vaporization of the liquid and
hv is the vapor layer thickness. Assuming a Poiseuille-Couette flow in the
rectangular cross-section grooves, the torque due to the viscous stresses
from the vapor entrainment (indicated by the vapor flow velocity u in
Fig. 7 (b)) can be written as [50]:
Γv =

2ct μv NWkΔTR3
,
ρv Lh3v

Fn = − π R 2

(7)

p=

Apart from hv and ci all other parameters in Eq. (8) are either ma
terial properties or design parameters that are held constant while
changing the gap between the rotor and the substrate in the experi
ments. Here ci = ρl εR4 Nsin(α), where ε is the liquid deformation in the
groove (Fig. 7 (c)), ρl is the liquid density and α is depicted in Fig. 2. As it
the liquid is always in a thin-film boiling state, we assume ε to be con
stant and, therefore, the coefficient of inertial resistance ci to be inde
pendent of H. Therefore, we look at the factors on which the vapor layer
thickness hv depends.
For a drop levitating on a substrate, the weight of the droplet bal
ances the average pressure in the vapor layer (Pv ). The vapor layer
thickness is obtained from this pressure balance using the lubrication
approximation as [49]:
[

3μv kΔTR2
2Pv Lρv

]1/4

(11)

where ρw is the density of water. The average pressure in the liquid can
∫R
0 p2π rdr. The vapor layer thickness from Eq. (9) is
[

hv =

as:

3μv kΔTR2
(
)
2 2γla /H − ρw ω2t R2 /4 Lρv

]1/4
(12)

.

Using Eq. (12) in Eq. (7), the torque from the vapor layer is obtained
(

Γv = cΓ ΔT 1/4

2γla ρw ω2t R2
−
H
4

)3/4

(13)

,

where cΓ is the coefficient containing all other constant parameters.
Using Eq. (13), Eq. (5) can be rewritten as

For a droplet with radius greater than the capillary length (lc ), Pv =
2ρv glc . In this case the only controllable parameter in Eq. (9) is tem
perature. In our present system, we remove this weight dependency of
the pressure in the vapor layer by supporting the weight of the rotors
(a)
Liquid bearing

)
2γla 1 ( 2
− ρw R − r2 ω2t ,
2
H

be estimated by Pv =
obtained as:

(9)

.

(10)

The negative sign in Eq. (10) implies a repulsive force on the plates.
In a thin-film boiling configuration the bottom plate is replaced by the
vapor layer, as depicted in Fig. 8 (b). At this liquid–vapor interface, the
contact angle θl = 180◦ . Therefore, from Eq. (10), the average pressure
at the liquid–vapor interface can be written as Fn /πR2 , i.e., Pv = γ la /Rc .
Accordingly, using Eq. (9) in Eq. (7), the torque from the vapor rectifi
cation depends on the radius of curvature as Γv ∝1/R3/4
and ωt ∝1/R3/8
c
c ,
assuming a constant ci . This correlation qualitatively agrees with the
experimental observations in Fig. 4. For the same gap H, a smaller radius
of curvature results in a larger terminal speed of rotation. Similarly, in
◦
Fig. 5, a smaller gap for θu ≈ 180 results in a small Rc and, therefore, a
higher terminal speed of rotation.
For a quantitative comparison with the experimental data in Fig. 5,
we consider the case of θu ≈180◦ , i.e. where Rc ≈ H/2. Considering that
the rotation of the liquid volume adds a pressure due to the centrifugal
forces, the pressure at any radial distance r from the rotation axis can be
written as:

where ct is a geometric parameter of the turbine, μv is the dynamic
viscosity of the vapor layer and N is the number of grooves. The terminal
angular speed of rotation can be written as:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
√2ct μ NWkΔTR3
√ v 3
− Γr
√ ρv Lhv
ωt =
.
(8)
ci + cω

hv =

γ la
+ 2πRγla sinθl .
Rc

ω2t =

(
)3/4
cΓ
2γla ρw ω2t R2
Γr
ΔT 1/4
−
.
−
ci
H
4
ci

(14)

Considering a first order approximation, Eq. (14) is written as:
(b)

Supported Leidenfrost rotor

(c)

,
Fig. 8. (a) Depiction of an axisymmetrically pinned liquid volume between two parallel plates. The liquid volume adopts a dynamic contact angle θu = θl and a
radius of curvature Rc for a given separation H. θu denotes the dynamic contact angle at the top plate and θl denotes the dynamic contact angle at the bottom plate.
(b) Equivalent configuration of a Leidenfrost drop coupled to a solid plate, where the bottom plate is replaced by the vapor layer. (c) Altered pressure distribution in a
Leidenfrost rotor due to centrifugal forces.
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(
)
cΓ ΔT 1/4
3ρw R2 H ω2t
Γr
1−
−
.
3/4
ci H
32γla
ci

speed vs time data at t = 0, which, due to droplet ejection, varies
significantly and is inappropriate for assessing scaling laws (as is evident
by the large error in the data in Fig. 9 (b)). Nevertheless, the values of
the torque from the vapor layer from the model agree with the scale of
torque observed experimentally. As an additional validation the value of
the coefficient of inertial resistance ci obtained from the analytical
model (ci = 1.8 × 10− 9 kgm2 for D = 100μ m and ci = 2.8 × 10− 9 kgm2
for D = 500μ m) agrees with the scale of ci obtained in the case of a freely
self-levitating rotor [50] (ci = 1.7 ± 0.4 × 10− 9 kgm2 for D = 100μ m
and ci = 3.2 ± 0.6 × 10− 9 kgm2 for D = 500μ m). The value of ci is
smaller for D = 100μ m as the liquid–vapor deformation in the grooves is
smaller than in the case of D = 500μ m substrate geometry.

(15)

Rearranging Eq. (15), ω2t is obtained as:
− Γr
(2γla )3/4 cΓ ΔT
H 3/4
].
1/4

ω2t = [

2

1/4

H
w R ΔT
ci + 3cΓ ρ16(2γ
)1/4

(16)

1/4

la

Eq. (16) is fitted to the experimental data to obtain the coefficients cΓ
and ci considering an average bearing resistance of Γr = 0.5μNm
(Supplementary information S2) as shown in Fig. 9 (a). The equation is
not fitted on the data points for the smallest H in Fig. 5 as the terminal
speed decreases considerably because of the formation of the vapor
bubble, which has not been considered in the model. Also, cases where
H > lc have also been excluded considering the exclusion of gravity in
the analytical model. After obtaining cΓ Eq. (13) is used to estimate the
torque from the vapor layer.
As observed in Fig. 9 (a), the experimental data for the two substrate
geometries agrees well with the trend of Eq. (16) for the considered
temperature and gap ranges. To validate the values of the fitting pa
rameters, we first compare the values of the torque obtained analytically
with the experimental observations (Fig. 9 (b)). As was mentioned in
Section 4, the experimental values are obtained by a linear fit on the

5.2. Propulsion in the ‘cold’ Leidenfrost regime
Above the Leidenfrost temperature there is a distinct vapor layer
between the substrate and the liquid–vapor interface (as depicted in
Fig. 10). As seen in the previous sections, by indirectly changing the
pressure in the vapor layer, by changing the gap H, the terminal speed
increases with a decrease in H. However, the opposite trend is observed
for propulsion below the Leidenfrost temperature (Fig. 10), i.e., the
terminal rotation speed decreases with H (Fig. 10). In this ‘cold’ Lei
denfrost regime [63] the liquid interface minimally contacts the super
hydrophobic surface to support the applied pressure (including the
gravitational head and capillary pressure). In this configuration, as the
pressure is increased (by decreasing H), two effects might occur: (1) the
increased pressure increases the contact area of the liquid with the
substrate, which increases the contact line friction, and (2) the increased
pressure pushes and increases the deformation of the liquid–vapor
interface in the substrate grooves, increasing the inertial resistance. Both
these effects will act to decrease the speed of rotation, as is observed
experimentally in Fig. 10. As mentioned in Section 4, due to the dynamic
redistribution of the liquid, the starting torque cannot be measured
directly. Therefore, we can only qualitatively estimate the power output
scale and variation in this low temperature regime from these terminal
angular speed plots.
5.3. Power output and efficiency
By controlling the power output, we can identify optimum operating
conditions across a wide temperature range, spanning two different
vapor film regimes. It is also useful here to compare the power outputs of
these bearing supported thin-film boiling engines with levitation based
(or self-supported) thin-film boiling engines [50]. In these experiments,

Liquid

Substrate

Liquid

Fig. 9. (a) Eq. (16) fitted to the experimental data for different substrate
temperatures T (color bar on the right) and gap between the rotor and the
substrate H for the two substrate geometries: D = 100 µm and D = 500 µm. (b)
Comparison of the torque obtained from Eq. (13) with the experimentally
observed torque from the linear fit on the speed vs time data (Fig. 3). The
shaded regions indicate the experimental data within one standard deviation of
the respective mean values for the substrates with D = 100μ m (blue) and the
D = 500μ m (red). The bearing resistance torque Γr is added to the experi
mentally obtained values to obtain the torque from the vapor layer.

Substrate

Fig. 10. Variation of terminal speed of rotation with substrate temperature
above and below the Leidenfrost temperature (dashed red line) for substrate
with D = 500 μm. The colorbar on the right indicates the gap between the rotor
and the substrate H in millimeters.
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levitation-based engines represent the lower limit of the applied pres
sure as they involve the gravitational pressure head only.
Below the Leidenfrost temperature, as the pressure in the vapor layer
is insufficient to support the applied pressure, the vapor layer thickness
remains almost invariant with temperature and thus the average pres
sure in the vapor layer increases linearly with ΔT (Eq. (9)) until the
Leidenfrost point. In the case of levitation, as the vapor layer thickness
remains constant in this regime, from Eq. (7), Γv ∝ΔT, ωt ∝ΔT1/2 and the
√̅̅̅
average power output Po = Γv ωt / 3 is proportional to ΔT3/2 (Fig. 11).
As adding more pressure in the bearing supported thin-film boiling en
gine decreases the rotation speed, the rotation speed (and hence, the
power output) obtained is lower than that in the levitation-based engine
(Fig. 11 (a)). Therefore, below the Leidenfrost point, levitation-based
propulsion provides the conditions for maximum practical efficiency.
Hence, in the following discussion we explore the factors that affect the
efficiency of the bearing supported thin-film boiling engine above the
Leidenfrost temperature only.
Assuming that the energy spent in pumping the liquid is negligible
compared to the heat energy input, the efficiency (η) of the thin-film
boiling engine is calculated by η = Po /Q̇in . For the hot plate used in
our experiments, Q̇in varies between 400 and 500 W for temperatures
between 250 and 400 ◦ C. The maximum practical efficiency obtained in
these experiments, which corresponds to the D = 500 µm design at H =
1.75 mm, is approximately 2 × 10− 6 %. In the present proof-of-concept
experiments, a significant amount of heat is lost to the surroundings.
These energy losses can be mitigated by thermally insulating the
working area and by using localized heating, for example, through se
lective substrate heating using microheaters [64,65]. By doing so, the
energy input can be obtained close to the theoretical values (Q̇in =
ρv Lv0 πR2 ), which are of the order of 10 W, thereby increasing the effi
ciency by an order of magnitude. Additional measures to increase the

practical efficiency of such engines can be evaluated from the analytical
model. Keeping the basic substrate design features the same and using
the expressions for torque (Eq. (7)), angular speed (Eq. (8)), vapor layer
thickness (Eq. (9)) and heat input (Q̇in = ρv Lv0 π R2 , with v0 =
kΔT/ρv Lhv ), above the Leidenfrost temperature the efficiency will
depend on the following key properties:
[
( )5/8 ] 7/8
1
μv
Pv
1
η∝ 1/2
(17)
ΔT 3/8 ε1/2 R5/4
ρl k3/8 ρv L
From expression (17), the efficiency of the engine depends primarily
on four factors: (1) heat source temperature or wall superheat ΔT, (2)
pressure in the vapor layer, or the pressure in the liquid Pv , (3) device
scale and (4) thermophysical properties of the working liquid/vapor.
The practical efficiencies obtained for varying temperature at each gap
H did not show a significant variation and were within the experimental
error. The analytical model also demonstrates a relatively weak
dependence on temperature.
The effect of increased vapor pressure (Pv ) on the power output (and
therefore, efficiency) has been demonstrated in this work. The vapor
pressure increase was obtained using capillary pressure by reducing the
gap between the rotor and the stator H. However, at the present device
scale, the torque loss due to the vapor bubble formation limits a further
decrease in Hand, therefore, limits any further increase in the efficiency.
With device sizes of the order of a few mm, H can be reduced to sub-mm
scales without any bubble formation. Additionally, porous super
hydrophilic rotors can ease liquid supply and ensure a continuously
wetted thin-film of the liquid above the heated substrate. For example,
with a continuously fed thin-liquid film of the order of 100 µm, the ef
ficiency can be increased almost by a factor of 10 (from expression (17)).
Furthermore, reducing the liquid film thickness will also reduce viscous
dissipation in the liquid, which will additionally enhance the power
output; the energy loss due to viscous dissipation in the liquid has not
been accounted for in the present analytical model.
A smaller device not only allows for practically increasing the vapor
pressure, but also increases the efficiency directly from expression (17).
Reducing the device scale by 2 increases the efficiency almost by the
same factor. This dependency on R favors the development of mm and
sub-mm scale engines. In conventional mechanical engines, at these
scales, solid friction between the rotor and stator causes significant wear
and loss. However, the vapor bearing in this thin-film boiling engine
overcomes this challenge inherently in its operation. Additionally, a
smaller device size will reduce the deformation of the liquid–vapor
interface (ε), which will reduce the inertial resistance.
Based on the above examples, by thermally insulating the device and
considering smaller device designs and higher liquid pressures, the
practical efficiency can be increased by atleast 3 orders of magnitude
with water as a working substance. The working substance can also be
changed considering the desired application. For example, ethanol,
which has a Leidenfrost temperature of 180 ◦ C, can be used as a working
substance and provides an almost 2-fold increase in the efficiency over
water (Table 1). Using working substances with a low Leidenfrost tem
perature (or in low ambient pressure environments [52]), such thin-film
boiling engines can be developed for low grade thermal energy har
vesting as an alternative to Organic Rankine Cycle engines for waste
heat recovery [66,67]. For example, refrigerant R123 has a boiling point
of 27.4 ◦ C (Table 1). Therefore, its Leidenfrost temperature can be ex
pected to be significantly lower than that of water and will allow ther
mal energy harvesting at much lower substrate temperatures. Similarly,
as an example of application in space and planetary exploration,
methane is abundantly present in liquid and vapor states on the surface
of Saturn’s moon, Titan. Using methane as a working liquid in those
conditions can provide an almost 2-fold increase in the efficiency over
water.

Fig. 11. Comparison of (a) terminal speed and (b) average power output ob
tained from the present fixed bearing system with the freely levitating rotor for
the D = 500 μm substrate geometry. The dashed red line indicates the Lei
denfrost temperature. The data for the freely levitating rotor is obtained
from [50].
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Table 1
General thermophysical properties of different potential working fluids for a
thin-film boiling engine. The liquid properties are obtained just below the
boiling point of the liquid. The properties for the vapor are obtained at the
respective Leidenfrost temperatures, wherever available, or at the boiling point
[68,69,70].
Fluid property

Water

Methanol

Ethanol

Methane
on Titan

R123

Vapor dynamic
viscosity μv (µPa s)

14

15

17.5

9

15.5

Vapor thermal
conductivity kv (W
m − 1 K− 1 )

0.033

0.03

0.02

0.027

0.016

Liquid density ρl (kg
m− 3 )

958

749

757

422.6

1457

Vapor density ρv (kg
m− 3 )

0.6

0.9

1.11

1.3

4.1

Latent heat of
vaporization L (kJ/
kg)

2264

1165

919

501

171

Boiling point Tb (◦ C)

Leidenfrost point TL
(◦ C)
[
( )5/8 ]
1
μv
1/2 3/8 ρ L
ρ k
v
l

100

64

78.2

− 161.5

27.4

220

–

180

–

–

1.58e8

2.27e-8

2.94e-8

3.08e-8

2.70e8
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6. Conclusion
We presented a thin-film boiling engine with a mechanical power
output control. The design comprises of a non-volatile solid rotor,
coupled to a liquid volume via surface tension, suspended in a thin-film
boiling state over a turbine-inspired substrate. The viscous drag from the
vapor flow over the substrate produces torque on the rotors, which de
pends on the pressure in the vapor layer. By supporting the weight of the
rotor using mechanical bearings, we manually alter the gap between the
rotor and the substrate to alter the pressure in the liquid via the Laplace
pressure. These changes in the liquid pressure alter the pressure in the
vapor layer, which changes the rotation speed of the coupled solid rotor.
We perform experiments above and below the Leidenfrost temperature
and observe the variation in the power output for different gap between
the rotor and the substrate across a temperature range of 150 ◦ C to
350 ◦ C. Despite the added solid friction from the bearings, we observe a
significant enhancement in the rotation speed compared to levitationbased thin-film boiling engines for temperature above the Leidenfrost
point. While the rotation speed increases with decreasing gap above the
Leidenfrost temperature, the reverse trend is observed at temperatures
below the Leidenfrost point. Random droplet ejection due to centrifugal
forces hinder a direct measurement of torque. Therefore, using the
analogy of a liquid bridge, we employ an analytical model to explain our
experimental observations. We validate our analytical model with the
experiments and obtain analytical estimates of the power output from
the rotors. We overcome the challenge of a saturated power output in
levitation-based engines and achieve an almost 4 times enhancement in
the power output and practical efficiency. These design principles can be
extrapolated to alternative liquid and solids to develop mm and sub-mm
scale virtually frictionless engines. Potential applications of such en
gines can be in extreme environments with naturally occurring low
pressures and high temperature differences, such as in space and plan
etary exploration or for terrestrial low-grade thermal energy harvesting
as an alternative to Organic Rankine Cycles. Additionally, the inherent
hydrodynamic lubrication provided by the thin-film boiling process can
be used to overcome solid friction limitations at microscales for thermal
energy harvesting.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apenergy.2021.116556.
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