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ABSTRACT

Leidenfrost droplet possesses ultra-low flow resistance, but it is challenging to obtain large thrust force for fast transportation and regulate
the direction of droplet motion. Here, for the first time, we demonstrate a novel mechanism for the control of droplet dynamics by explosive
boiling. Our system consists of two surfaces that have different functions: a smooth surface running in the Leidenfrost state for droplet levita-
tion and a skirt ring edge surface (SRES) as an explosive boiling trigger. For droplet-wall collision with SRES, micro/nanoscale roughness not
only enhances energy harvesting from the skirt ring to the droplet due to increased radiation heat transfer but also provides nucleation sites
to trigger explosive boiling. The symmetry breaking of explosive boiling creates a thrust force that is sufficient to propel the droplet. The sup-
pression of the thrust force relative to the inertia force regulates the droplet trajectory as it passes through a target location. We show orbit
lines passing through a focusing spot that is �1% of the Leidenfrost surface area around its center with a maximum traveling speed of
�85 cm/s, which is �2 times of that reported in the literature. The scale law analysis explains the droplet size effect on the self-propelling
droplet dynamics. Our work is attractive for applications under the conditions of the required traveling speed and direction of the droplet.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0091303

I. INTRODUCTION

Considering a droplet on a heated surface, when the surface tem-
perature exceeds a critical value, a vapor layer beneath the droplet
occurs to decrease the evaporation rate of the droplet, which is called
the Leidenfrost phenomenon.1 This phenomenon has received much
interest due to various applications, including energy conversion,2

drag reduction,3 drug delivery,4,5 and micro/nanotechnologies.6–8

Spray cooling is effective to dissipate high heat flux from a surface, but
high heater surface temperature may trigger Leidenfrost to make the
cooling ineffective.9 To increase energy conversion efficiency for heat
engines, vapor temperature at the turbine inlet is as high as
620–700 �C,10 under which the Leidenfrost point should be avoided in
heat exchangers. Various methods including micro/nanostructured
surface,11–13 wettability control,14 oscillation augmentation,15 and elec-
tric-field-augmentation16 are used to delay the Leidenfrost transition
temperature.

A Leidenfrost droplet is not stable above a hot surface to
display random motion. Control of droplet dynamics is useful
for various applications such as micro/nanofluidics,17,18 water
collection,19,20 and drug delivery,4,5,21 but it is a challenging task.
The available methods use micro/nanotextured structures,22–26

wettability gradient,27–29 and temperature gradient30 to create
imbalance force across the two sides of the droplet to propel its
motion. The saw-tooth structure in the �lm or �mm scale
belongs to one of these families.23,25,26 At sufficiently high temper-
ature, vapor generates in a saw-tooth structure to prevent direct
contact between the liquid and solid. The complicated interaction
among droplet (liquid), vapor, and solid involves several effects
which influence droplet dynamics, including viscous force in the
vapor layer,31 Marangoni effect due to non-uniform tempera-
ture,32,33 and different vapor pressure forces acting on vertical and
inclined walls of the saw-tooth structure.23,34,35 Jia et al.23 noted
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three modes of advancing, receding, or even stationary droplet
due to non-uniform vapor pressure distribution in the saw-tooth
structure.

There are several issues to control droplet dynamics. First, the
motion direction becomes uncertain when operating conditions are
changed. For example, the change of heater temperature may alter the
motion direction (advancing, receding, or stationary).23 Second, the
widely studied saw-tooth structure is only effective for droplet larger
than the tooth width. A droplet may be clamped in a saw-tooth for the
droplet smaller than the saw-tooth width.31 Third, the maximum trav-
eling speed of droplet is reported as �38 cm/s.36 The nanostructure
surface may not be able to sustain long term operation at high
temperatures.37

The phase change from liquid to vapor consists of two modes of
evaporation and boiling. The former refers to mass transfer from liquid
to vapor due to the temperature gradient within the liquid boundary
layer, while the latter refers to bubble nucleation and growth. The
homogeneous/heterogeneous nucleation theory dominates the bubble
nucleation followed by the bubble growth.38 Assuming a Leidenfrost
droplet levitated above a hot surface, if the droplet does not contain par-
ticles or non-condensable gas, boiling shall not occur except that the
droplet temperature reaches the temperature limit of 0.8–0.9Tc (homo-
geneous nucleation),39 where Tc is the critical temperature of the liquid.
A Leidenfrost droplet is overheated to store a specific amount of thermal
energy.40 Solid particles or non-condensable gas in the droplet decrease
the bubble nucleation temperature, satisfying the heterogeneous nucle-
ation theory.41 This explains explosive boiling observed in the latter
evaporation stage for the dirty droplet.41 Utaka et al.42 improved the
critical heat flux (CHF) of boiling heat transfer in open narrow gaps in a
water pool. A method of the interactions between different modes of
nucleate boiling and film boiling was investigated.

Here, we create a novel concept for the control of droplet motion.
Because nucleate boiling does not occur for a Leidenfrost droplet below
the homogeneous nucleation temperature limit, another sidewall surface
with a lower temperature than the substrate surface and apparent
roughness is introduced to trigger explosive boiling for droplet propul-
sion. The principle lies in the time-series integration of the elevated
Leidenfrost droplet temperature and the surface roughness induced
explosive boiling. When a warm droplet contacts the sidewall surface,
the rough surface not only enhances radiation heat transfer toward the
droplet but also provides sufficient bubble nucleation sites for explosive
boiling. The explosive boiling converts a portion of the stored thermal
energy of the droplet into kinetic energy, displaying the symmetry-
breaking to generate sufficient thrust force for droplet propulsion. The
two surfaces have different functions. The Leidenfrost surface levitates
the droplet, acting as the transport orbit. The rough skirt ring surface
acts as the explosive boiling trigger. We show that the droplet trajectory
can be regulated to pass through a focusing region around the
Leidenfrost surface center, and the traveling speed of the droplet can be
up to�85 cm/s, significantly larger than those reported in the literature.

II. CONTROL OF DROPLET DYNAMICS BY EXPLOSIVE
BOILING
A. The mixed mode of Leidenfrost and nucleate
boiling on two surfaces

Inspired by the rocket launch principle that a high speed of
rocket can be caused by hot gas ejection to produce sufficient

thrust force, we create a novel concept to control the droplet
dynamics. The working principle involves a mixed working mode
of Leidenfrost on a substrate and nucleate boiling via the interac-
tion between the droplet and the skirt ring surface. The tempera-
ture difference (Tw � Tr) and the surface roughness are important
to control the droplet motion. Considering droplet evaporation on
two smooth surfaces, evaporation time s is plotted vs temperature
Tw, including a nucleate boiling regime A0B0, a transition regime
B0A, and a Leidenfrost regime AB [see Fig. 1(a)]. The two surfaces
contact with each other, with the substrate temperatures TA and
TB, correspond to the skirt ring temperatures TA0 and TB0, respec-
tively. The temperature difference between the two surfaces,
DT¼Tw � Tr, should be large such as �90 K to create an effective
AB zone for Leidenfrost and A0B0 zone for nucleate boiling.
Practically, the large DT is difficult to reach. This difficulty can be
overcome by introducing the skirt ring roughness, which shifts
the evaporation curve from left to right [see the below curve in
Fig. 1(b)]. Increasing the wall roughness delays the Leidenfrost
transition point.43–45 Hence, DT decreases to be �50 K, which can
be achieved by the sharp-edge contact [see Fig. 1(b)].

B. The roughness induced explosive boiling

A previous study investigated the effect of surface roughness
on radiation heat transfer, showing that large scale roughness
increases both the surface area for heat transfer and turbulent
intensity compared to a smooth shiny surface.46 The results indi-
cate that the heat transfer can be increased by about 26% by using
a saw-tooth rough surface than a smooth shiny one. Considering
this roughness effect, the rough skirt ring increases radiation heat
flux to raise the sunny side temperature of the droplet, enhancing
the symmetry breaking between the sunny side and night side.
This non-symmetry temperature is useful to produce thrust force
for droplet propulsion.

In addition, the rough skirt ring provides sufficient bubble nucle-
ation sites; hence, it functions as an igniter. When the heated droplet
(fuel) contacts the skirt ring (igniter), explosive boiling is triggered.
Based on the heterogeneous bubble nucleation theory, the active bub-
ble nucleation sizes are in a range of Dc,min� Dc,max,

47

Dcmax;min ¼ dt sin b
2 1þcos bð Þ

DTw

DT þ DTsub

� �
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s2
4

3
5; (1)

where dt, b, r, Tsat, qv, and hfg are the thermal boundary layer thick-
ness, the contact angle between solid and liquid, surface tension
between vapor and liquid, saturation temperature, vapor density, and
latent heat of evaporation, respectively. DTsub is the liquid subcooling,
which equals 0 for saturation boiling. DTw is the wall superheating,
equal to Tr � Tsat in this study, where Tr is the skirt ring temperature.
b got the measured value of b¼ 55.6� for the water droplet on the
rough skirt ring surface. Holding r¼ 0.0589N/m, Tsat¼ 373.15K,
qv¼ 0.598 kg/m3, and hfg¼ 2256.43 kJ/kg for water–vapor system
and wall superheating of DTw¼ 91.4K for the skirt ring, Dc are
(0.30–32.69) lm.
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C. The explosive boiling induced propulsion force

Evaporation momentum force Fe is introduced to propel the
droplet motion [see Fig. 1(c)]. Kandlikar indicates that Fe is
caused by the non-symmetry evaporation around a bubble in a
liquid under which momentum exchange results from mass trans-
fer between liquid and vapor.48,49 For a bubble growth on a heated
wall, evaporation is stronger near the three-phase contact line of
solid–liquid–vapor, adhering bubbles on the wall. The non-
symmetry evaporation around the bubble delays bubble departure
from the wall, relating to critical heat flux (CHF). Kandlikar
proposed new CHF correlations incorporating the Fe effect.48,49

Recently, the present authors investigated forced convective
heat transfer of supercritical fluid in vertical tubes under heating
conditions.50,51 By analogizing to subcritical boiling, Fe is intro-
duced to reflect the growth of vapor-like fluid layer dvl on the
wall. The competition between Fe and inertia force (Fi) coming
from the incoming fluid stream dominates the supercritical heat
transfer.

For the present problem, when a Leidenfrost droplet
approaches the skirt ring, the droplet can be divided into a sunny
side and a night side [see Fig. 1(c)]. The rough skirt ring surface
enhances radiation heat transfer toward droplet to elevate droplet

temperature and evaporation rate on the sunny side than on the
night side. When the droplet contacts with the skirt ring, skirt ring
cavities trigger the contact boiling in the droplet. In the �9.00ms
timescale, the explosive boiling yields fast droplet expansion due to
miniature bubbles in the droplet, generating sufficient momentum
exchange between the droplet and its surrounding gas (mixture of
vapor and air) to achieve thrust force. This paper involves both the
non-contact evaporation and contact boiling induce evaporation
momentum force Fe, but the latter is seldom treated in the litera-
ture. The symmetry of evaporation and contact boiling is broken
to generate thrust force.

Considering that a Leidenfrost droplet with an incoming
velocity Vin and an incoming angle ain approaches the skirt ring.
After a collision with the wall, the reflection velocity and reflection
angle become Vout and aout, respectively. For droplet-wall collision,
two limit conditions exist, referring to mirror reflection with
aout¼ain and normal reflection with aout¼ 0, reflectively. The prac-
tical collision is in between the two limit conditions. For suffi-
ciently large thrust force, a line droplet trajectory can be achieved
on the Leidenfrost surface. Traveling on the Leidenfrost surface
and collision with the skirt ring in time-series creates droplet oscil-
lation motion.

FIG. 1. Control of droplet dynamics by
explosive boiling trigger. (a) Small thrust
force produced via using both smooth sur-
faces of the substrate and skirt ring. (b)
Sufficient thrust force via using the smooth
substrate and rough skirt ring. (c) Thrust
force produced due to the symmetry
breaking of explosive boiling.
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III. MATERIALS ANDMETHODS
A. Experimental setup

Figure 2 shows the experiment setup, including a brass substrate,
a micro-pump for droplet emission, and measurement instruments. A
power supply system provides heat to the system with a proportional
integral derivative (PID) temperature controller. Three thermocouples
are arranged in the height direction of the brass substrate. The sub-
strate temperature Tw is obtained by extending the linear temperature
distribution in the height direction to the surface location. The temper-
ature is well controlled to be within 0.5 �C uncertainty. A micro-pump
(RSP01-BDG) ejects a droplet, in which the droplet diameter is in the
range of (2.6–2.8) mm. Initially, the droplet is �20mm higher than
the horizontal substrate plane. The instruments involve a high speed
camera (MotionPro Y4, IDT, USA), a high speed Infrared Radiation
image camera (InfrcTec, ImageIR 5380, USA), a microphone (SGC-
578, China), a synchronizer (MotionPro Timing Hub, IDT, USA), and
a high speed data acquisition system (DL750 ScopeCorder,
YOKOGAWA, Japan). In this experiment, a water droplet is used
with the physical properties shown in Table I.

B. Sample fabrication

The brass substrate has a cylinder shape. The top surface was pol-
ished with a 7000# sandpaper. Then, the top surface was treated by the

polishing plate to form a mirror surface with a �20nm roughness.
The contact angle is 65.8�. The skirt ring has an internal diameter of
28mm with a wall thickness of 1mm. A sharp edge configuration is
used to form the line contact with the brass substrate. Such a design
ensures a suitable temperature difference between the substrate and
skirt ring. The inner surface of the skirt ring was polished by the 80#
sandpaper polishing technique to form a �1.65lm roughness. The
contact angle on the rough surface is 55.6�. For comparison purposes,
a smooth skirt ring is made using a similar technique as for the sub-
strate (Fig. S1 for the characterization of smooth surface and rough
surface, including surface image files, 3D morphology, roughness dis-
tribution, and contact angles in the supplementary material).

C. Experimental methods

The measurement not only involves a long time duration cover-
ing the whole droplet lifetime in �1min timescale but also involves a

FIG. 2. Experiment setup (1: PID temper-
ature controller; 2: voltage transformer;
3: high speed data acquisition system;
4: synchronizer; 5: PC screen; 6: high
speed camera; 7: lamp; 8: micro-syringe
pump; 9: brass substrate supporting the
skirt ring; 10: copper skirt ring; and 11:
microphone. All dimensions are in mm.)
(a) The image of the experimental setup.
(b) Focusing view of the test section. (c)
Leidenfrost substrate having a sharp-edge
contact with the skirt ring.

TABLE I. Physical properties of water at atmospheric pressure.

Fluids
ql qv Tsat hfg lv � 104 kv r

kg/m3 kg/m3 �C kJ/kg Pa s W/(m K) N/m

Water 1000 0.598 100 2256.4 2.821 0.6791 0.0589
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short duration in (1–10) ms timescale. For long time measurement,
the synchronizer coordinates the data acquisition of image files cap-
tured by a high-speed camera and sound voltage captured by the
microphone. The synchro error is 20 ns to trigger different signals.
The top view images were captured with the recording frequency of
250 fps with the spatial resolution of 34lm. Thus, the droplet diame-
ter has an uncertainty of 34lm, which is 13% for the maximum error
for the smallest D of 260lm. To reduce the error for the traveling
velocity of the droplet (V), two neighboring images are selected using
the images file with the recording rate of 50 fps. The error of V
depends on the magnitudes of V. The smallest V corresponds to a
maximum error of 3.4%. To capture the droplet dynamics in the verti-
cal plane with long time duration, the side view measurement using a
high speed camera is also performed with the recording frequency of
500 fps.

Explosive boiling takes place very fast when colliding with the
skirt ring. In order to capture the quick process, a separate measure-
ment using a high speed camera was performed with a recording rate
of 4000 fps. Thus, the time between two neighboring images is 0.25ms
under which the spatial resolution is 15.2lm. Droplet surface temper-
atures were measured by a high-speed infrared radiation image camera
with a spatial resolution of 11.9 lm and a temperature uncertainty of
0.4 �C. The major parameters, instruments, and uncertainties are sum-
marized in Table S1 in the supplementary material.

IV. RESULTS AND DISCUSSION
A. Higher droplet temperatures and droplet
deformation using a rough skirt ring

The substrate temperature Tw is kept to be higher than the
Leidenfrost transition temperature Tt. During the collision of the drop-
let and skirt ring, explosive boiling is expected, by keeping the skirt
ring temperature Tr lower than Tt. Thus, a suitable temperature differ-
ence between Tw and Tr shall be maintained. An easy method to
achieve Tw–Tr is to use the sharp-edge contact between the skirt ring
and substrate. The foot-print circular line contact between two pieces
of materials creates a thermal resistance to achieve Tw–Tr. Before the
formal experiment, a calibration experiment on Tw and Tr was per-
formed in an air environment without involving droplet (see Fig. S2 in
the supplementary material). Tr is self-adapted to the variation of Tw
in a linear form, and Tw–Tr increases with the increase in Tw. Due to
the significantly larger thermal inertia of the solid material than the
droplet, the droplet dynamics control experiment did not alter the
relationship between Tw and Tr compared to the calibration condition
without involving droplet.

A practical coupling of Tw¼ 223.0 �C and Tr¼ 191.4 �C ensures
perfect control of droplet dynamics by using a rough skirt ring. It is
important to verify the effect of the skirt ring roughness on droplet
temperatures. Comparative experiments were performed by using a
rough skirt ring and a smooth skirt ring, respectively. Both experi-
ments involved positing an initial �2.8mm diameter droplet on the
Leidenfrost surface. The rough skirt ring sustains periodic droplet
oscillation with line trajectories, but the smooth skirt ring sustains
curved trajectories. Figure 3 shows the top view of the IR camera mea-
sured droplet temperatures (see Fig. S3 for temperature fields in the
supplementary material). Because droplet evaporation is faster by
using a rough skirt ring than by using a smooth skirt ring, the physical
time to reach the same droplet diameter (smaller than the initial value)

is different for both samples. For comparison purposes, the time is cal-
ibrated to be the same. The temperature response for rough and
smooth skirt rings is different. Just before the collision of the droplet
with the skirt ring for D� 2mm, the approaching side attains temper-
atures of 130.8 �C for the rough skirt ring but 120.6 �C for the smooth
skirt ring, respectively. It is interesting to note strong droplet deforma-
tion for the collision of the droplet and rough skirt ring, but weak
deformation is identified when using a smooth skirt ring [see Fig. 3(a)]
(Multimedia view). Similar features regarding higher temperature dis-
tribution and droplet deformation by using surface roughness are also
found for other droplet sizes such as D � 1.1mm [see Fig. 3(b)].
Qualitatively, the enhanced thermal behavior using a rough skirt ring
is consistent with the finding regarding the surface roughness effect on
heat transfer.46

Then, the droplet deformation during the collision of the droplet
and rough surface is explained. A separate experiment was performed
for droplet dynamics control using a droplet having the same initial
size as used in Figs. 3(a) and 3(b). A synchronizer with a 20ns syn-
chronization time coordinates sound signal detection and a high-speed
camera to capture top view images. The experiment was performed
in a silent night environment for sound signal detection. For rough
skirt rings, an apparent sound nose is detected during each collision
in a �7ms timescale. Simultaneously, miniature bubbles are observed
to be entrained in a droplet during each collision [see Fig. 3(c)]
(Multimedia view). Our experiment verifies explosive boiling for the
collision of the droplet and rough surface, resulting in droplet defor-
mation. Thoroughly different outcomes are achieved by using a
smooth (mirror) skirt ring. The droplet is not deformed except when it
is exactly contacting with the skirt ring. Bubbles are never observed in
droplet, indicating no contact boiling phenomenon. Because we focus
on the runs with a rough skirt ring, the smooth skirt ring outcomes are
not presented for temperatures.

B. Control outcomes of droplet dynamics using
explosive boiling

Droplet motion is decoupled into the horizontal plane compo-
nent and vertical direction component: mirror reflection with
ain¼ aout and normal reflection with aout¼ 0 (see Fig. 4). With the
running condition exactly the same as that shown in Fig. 3, droplet
dynamics is presented in Fig. 5, including droplet diameter D, collision
frequency f, traveling velocity V (top view), and sound voltage. The
droplet displays a perfect circular shape when traveling above the
Leidenfrost surface, but it is deformed during a collision with the skirt
ring. An equivalent droplet diameter is defined as D ¼ ðD2

xDyÞ1=3,
where Dx and Dy are the two diameters in two perpendicular coordi-
nates of x and y on the horizontal plane, assuming the elliptical shape
of the droplet. f is f¼ 1/Dt, where Dt is the time difference between
two neighboring collisions. V is calculated as V ¼ Dx=dt, where Dx is
the distance between two center mass locations of the droplet and dt is
the time difference between the two consecutive images.

Following initial droplet depositing on the Leidenfrost sur-
face, the droplet lifetime contains 184 times collisions with the
skirt ring, corresponding to 184-line trajectories on the Leidenfrost
surface. The whole droplet lifetime possesses decreased droplet
size, increased collision frequency, increased traveling velocity,
and decreased sound noise signal. These variation trends reflect
the effect of the droplet size. Hence, three regimes are divided with
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droplet diameters in the range of (1.35–2.79) mm in regime I,
(0.50–1.35) mm in regime II, and (0–0.50) mm in regime III,
respectively. f does not change too much and is �6Hz in regime I
but increases to (6.58–12.50) Hz in regime II and sharply increases
to 27.78 Hz in regime III. Noting the logarithmic coordinate used
in Fig. 5(c), V is (0.05–19.14) cm/s in regime I but increases to

39.42 cm/s in regime II and attains �85 cm/s in regime III. Droplet
velocity is an important parameter for the control of droplet
dynamics. Other techniques such as micrometer/millimeter sized
saw-tooth structure attain the maximum speed of �38 cm/s.36 The
current work attains the maximum velocity, which is two times of
that reported in the literature.

FIG. 3. Measured droplet temperatures, explosive boiling, and sound signal detection. (a) Infrared radiation images showing temperatures with the rough skirt ring and smooth
skirt ring for D � 2 mm. (b) Temperature outcomes for D � 1 mm. (c) Line trajectories on the main heater surface, sound signal detection, and explosive boiling during a colli-
sion. Images are shown for the 22nd collision with ain¼ 10.33� and aout¼ 11.49�, the sound signal at the impacting moment is up to 2.22 V, and miniature bubbles are
observed in the droplet. Multimedia views: https://doi.org/10.1063/5.0091303.1; https://doi.org/10.1063/5.0091303.2; https://doi.org/10.1063/5.0091303.3
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Noise detection is widely applied in multiphase heat transfer to
characterize boiling intensity.52,53 The present experiment involves
184 pulses of sound noise corresponding to 184 times collisions with
the skirt ring. In Fig. 5(d), the first noise signal refers to the collision
with the Leidenfrost surface, but all the following pulse signals refer to
the collisions with the skirt ring. In a large droplet size group, the
explosive boiling induced noise attains sound voltages in the range of
(0.13–2.82) V, which is stronger and can be apparently heard by
human ears. The sound voltages decay in regimes II and III, indicating
the explosive boiling intensity strongly dependent on droplet sizes.

Figure 6 shows sound voltages and instantaneous traveling veloc-
ities for specific runs of collision. A collision with a skirt ring weakly
changes the direction of line trajectories before and after the collision.
Figure 6(a) presents mirror reflection, but Figs. 6(b) and 6(c) presents
normal reflection. Because normal reflection behaves line trajectory
exactly passing through the Leidenfrost surface center, it is perfect for
the control of droplet dynamics. The collision creates apparent acceler-
ation. For example, V is 17.52 cm/s just before the 77th collision, drops
to 5.47 cm/s during the collision, and sharply increases to 22.99 cm/s
just after the departure from the skirt ring [see Fig. 6(b)]. After depar-
ture from the skirt ring, V displays a weak decrease due to the drag
force of the droplet during its transport above the Leidenfrost surface.
For an ideally uniform droplet explosion, V should be dropped to zero
during a collision. However, explosive boiling yields strong droplet
deformation in a �1ms timescale, accounting for non-zero velocity
during a collision. Two mechanisms account for droplet acceleration
after collision. First, because droplet temperature is lower than the skirt
ring, the contact between the droplet and skirt ring yields a tempera-
ture increase in the droplet. Second, explosive boiling in droplet con-
verts a portion of thermal energy into kinetic energy. Figure 6 verifies
the functions of enhanced heat transfer and bubble nucleation sites by
using the rough surface of the skirt ring.

Figure 7 summarizes the droplet trajectories for all collisions dur-
ing the whole droplet lifetime. Because a circular system is used, drop-
let trajectories almost cover the whole Leidenfrost surface for a large
droplet size group [see Fig. 7(a)] (Multimedia view). An exact normal
reflection with aout¼ 0 ensures line trajectory passing through the

circular surface center, but such an ideal condition is hardly encoun-
tered in experiments. Instead, we plot collections of the nearest loca-
tion of line trajectories relative to the circular surface center, forming a
focusing area (Af), that is, significantly smaller than the Leidenfrost
surface area (AL). The ratios of Af/AL are 3.6%, 1.4% and 1.6% for the
three droplet size groups, respectively [see Fig. 7(b)]. Even though the
collision locations on the skirt ring are random, line trajectories pass
through a very small focusing spot around the Leidenfrost surface cen-
ter. The smaller ratios of Af/AL in medium and small droplet size
groups indicate better control of trajectories with the decrease in drop-
let sizes, which will be explained later.

Because the nearest distance of a line trajectory relative to the
Leidenfrost center depends on incoming and reflection angles, one is
interested in the probability distributions of ain and aout, which have
narrow distributions and they are overlapped with each other [see Fig.
7(c)]. For bigger droplet, quasi-flat distributions are within (14–20)%
with ain and aout in the range of (0�–10�). For smaller droplet, the dis-
tribution becomes narrower, which accounts for �48% with the two
angles in the range of (0�–2�). All the collisions in regimes II and III
hold the two angles lower than 8� or 10�. Figure 7 concludes the mixed
modes of mirror reflection and normal reflection for D in the range of
(2.79–1.35) mm, but normal reflection dominates for D< 1.35mm.

Trajectories present quasi-uniform distribution in regime I but
switch to fan shape distribution covering a circumferential angle Dh of
121.3� in regime II and a slim rectangular distribution in regime III [see
Fig. 7(a)]. Trajectories distribution is dependent on the relative impor-
tance of thrust force (Fth), inertia force (Fi), and gravity force (Fg). Later,
we will show that Fth obeys the �D2 law, but Fi and Fg obey the �D3

law, yielding the scaling law of Fth/Fi � D�1 and Fth/Fg � D�1. Because
Fth prefers the droplet passing through the Leidenfrost surface center
(normal reflection), the D�1 scale law ensures the switch from mirror
reflection to normal reflection for smaller droplet, explaining smaller
ain and aout and narrowed range of the two angels for smaller droplet
[see Fig. 7(c)]. The D�1 scale law also explains the narrowed fan distri-
bution of line trajectories for smaller droplet [see Fig. 7(a)] under which
the droplet sustains the pulsating flow driven by consecutive collisions
between two opposite side locations of the skirt ring.

For a Leidenfrost droplet floating on a hot plate, jumping hardly
occurs.54 Jumping may only occur in the final stage of the Leidenfrost
phenomenon under which the vapor layer underneath the droplet is
broken for small droplet (�19lm for water).54 One remembers that
once a droplet collides with the sidewall of the skirt ring, thrust force
should have a vertical component, enhancing the transport capability
in the air. Separate time-series images are taken for side view. Striking
of a �0.86mm droplet on the skirt ring triggers a long-distance trans-
port in the air with parabola trajectory, followed by consecutive colli-
sions of the droplet with the Leidenfrost surface and skirt ring [see Fig.
8(a)] (Multimedia view). The parabolic transport in the air and jump-
ing on the Leidenfrost surface result in smaller drag force, partially
explaining larger traveling velocities than those without jumping.

When using a smooth skirt ring, side and top view visualization
results are presented in Figs. 8(b) (Multimedia view) and 9
(Multimedia view), respectively. Line trajectory (top view) does not
exist at all (see Fig. 9). The whole droplet lifetime is still divided into
three sub-stages. In a large size group, after a collision with the skirt
ring, the droplet travels as a curved trajectory and reaches another
location of the skirt ring, not the opposite location of the skirt ring

FIG. 4. Decoupling of droplet motion and collision. (a) and (b) are for top view. (c)
and (d) are for side view.
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with respect to the previous collision, under which the thrust force is
caused by non-symmetry evaporation, not by explosive boiling. The
curved trajectory infers the competition of thrust force with inertia
force and gravity force to dominate droplet motion. When droplet
sizes are changed to be smaller than �1.69mm, collisions with the
skirt ring are very weak. Droplet trajectories display the extended

surface roughness feature along the sidewall of the skirt ring.
Marangoni effect sticks the droplet around the sidewall of the skirt
ring. The Leidenfrost substrate has large thermal inertia to keep con-
stant and uniform temperature. Due to the sharp-edge contact
between the skirt ring and the substrate, the lower temperature of the
skirt ring attracts the droplet due to the Marangoni effect. In fact, the

FIG. 5. Droplet dynamics with Tw¼ 223.0 �C and Tr¼ 191.4 �C. (a) D � t. (b) f � t. (c) V � t. (d) sound voltage � t.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 053322 (2022); doi: 10.1063/5.0091303 34, 053322-8

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


Marangoni effect also exists for the rough skirt ring case, but the
Marangoni force is thoroughly suppressed by the thrust force. The
droplet cannot be stuck near the skirt ring, instead, a large thrust force
during collision ejects the droplet just like a bullet. In summary, we
indicate the effectiveness of a rough skirt to trigger explosive boiling,
supplying sufficient thrust force to manipulate the droplet motion.

The two-surface temperatures are the parameters to control the
droplet motion. For such purposes, Tw has the range of (203–274) �C,
corresponding to Tr in the range of (177–230) �C. Figures 5–8 show
the control outcomes with Tw¼ 223.0 �C and Tr¼ 191.4 �C. To dem-
onstrate the repeatable experiment, another run with Tw¼ 232.5 �C
and Tr¼ 200.1 �C is shown in Fig. 10, in which Figs. 10(a)–10(c) dem-
onstrate line trajectories, focusing spot and distribution of incoming
and reflection angles. It is seen that the control outcomes shown in

Fig. 10 are very similar to those shown in Fig. 7, even though the two
runs had different temperatures of the substrate and skirt ring.

C. Scaling law analysis for the control of droplet
dynamics

Thrust force (Fth), inertia force (Fi), gravity force (Fg), and drag
force (Fd) are competed to influence droplet dynamics. Fth is

55

Fth ¼ d mvð Þ
dt

¼ v
dm
dt

þm
dv
dt

; (2)

where m, v, and t are the droplet mass, expansion velocity due to non-
symmetry phase change, and time, respectively. mv is the droplet
momentum. The following equations exist:

FIG. 6. Droplet trajectories, sound voltage during a collision, and velocities before and after the collision. (a) Collision number of 15. (b) Collision number of 77. (c) Collision
number of 83. (d) Collision number of 83.
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v ¼ 1
2
dD
dt

;
dv
dt

¼ 1
2
d2D
dt2

: (3)

We consider a droplet contacting with the skirt ring with a con-
tact angle of b. The heat flux due to wall heating is q. The mass conser-
vation yields55

m ¼ p
24

qlD
3 2þ 3 cosb� cos3 b
� �

: (4)

Hence, we have

dm
dt

¼ pqlD
2

8
dD
dt

2þ 3 cosb� cos3 b
� �

: (5)

FIG. 7. The control of droplet motion. (a) Line trajectories in three regimes of droplet diameters. (b) Focusing area around the main heater surface center. (c) Probability distri-
butions of incoming and reflection angles. Multimedia view: https://doi.org/10.1063/5.0091303.4
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FIG. 8. Side view of droplet trajectories
for different droplet sizes. (a) Rough skirt
ring outcomes. (b) Smooth skirt ring out-
comes. Multimedia views: https://doi.org/
10.1063/5.0091303.5; https://doi.org/
10.1063/5.0091303.6

FIG. 9. Droplet motion via using a smooth skirt ring. (a) Curved trajectories in terms of three regimes of droplet diameters. (b) Scattered distribution of incoming and reflection
angles. Multimedia view: https://doi.org/10.1063/5.0091303.7
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Based on the energy conservation, the mass change rate is

dm
dt

¼ q � pðDsin bÞ2
4hfg

; (6)

where hfg is the latent heat of evaporation. Combining Eqs. (5) and (6)
yields

dD
dt

¼ 2q sinb2

qlhfg 2þ 3 cosb� cos3 bð Þ : (7)

Substituting Eqs. (3), (4), (5), and (7) into Eq. (2) yields

Fth ¼ pD2q2sin4 b
4qlh

2
fg 2þ 3 cos b� cos3 bð Þ � D2: (8)

A spheric droplet has the inertia force and gravity force expressed
as

Fi ¼ pqlD
3

6
dV
dt

� D3; Fg ¼ pqlD
3

6
g � D3; (9)

FIG. 10. The control of droplet motion with Tw¼ 232.5 �C and Tr¼ 200.1 �C. (a) Line trajectories in three regimes of droplet diameters. (b) Focusing area around the main
heater surface center. (c) Probability distributions of incoming and reflection angles.
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where V is the traveling velocity, not the expansion velocity v, and g is
the acceleration of gravity.

Drag force Fd for a droplet in the air is written as56

Fd ¼ 1
8
qair Vair � Vð Þ2pD2Cd; (10)

where qair and Vair are the air density and velocity, Vair¼ 0 in station-
ary air, and Cd is the drag coefficient. For the laminar flow of droplets
in the air, Cd is

56

Cd ¼ 24
Re

; Re ¼ ql V � Vairð ÞD
lair

; (11)

where lair is the viscosity of air. Substituting Eq. (11) into Eq. (10)
yields

Fd ¼ 3plairVD � D: (12)

Hence, Eqs. (8), (9), and (12) yield the relative importance of the above
forces as follows:

Fth
Fi

� D�1;
Fth
Fg

� D�1;
Fth
Fd

� D: (13)

We note that Eqs. (10) and (11) are the drag force for drop
motion surrounding air. For Leidenfrost droplet motion traveling
above a vapor film, the viscous drag force Fl can be predicted as57

Fl ¼ ðlvV=eÞl2; l � R2j; j ¼
ffiffiffiffiffiffiffi
qlg
r

r
: (14)

The vapor layer thickness e is predicted as58

e ¼ 3kvDTsatqllvg
4hfgqvr2

" #1=4

R5=4: (15)

In Eqs. (14) and (15), lv is the vapor viscosity, V is the droplet velocity,
l is the characteristic length, R is the drop radius, kv is the thermal con-
ductivity of vapor, DTsat is the wall superheating, and hfg is the latent
heat of evaporation.

For an elastic collision between a body and a wall without energy
dissipation, mirror reflection dominates with ain¼ aout and Vin¼Vout.
For the present problem, the inertia force of the droplet tends to satisfy
mirror reflection, deviating the trajectory from the Leidenfrost surface
center. Gravity force tends to populate a droplet in a lower position.
Drag force tends to slow down a droplet motion. The thrust source is
only the driving force tending to regulate the droplet trajectory passing
through the Leidenfrost surface center. Hence, the ratios of Fth/Fi and
Fth/Fg govern the droplet dynamics.

Fth, Fi, and Fd are calculated based on Eqs. (8), (9), and (12),
respectively. In Eq. (8), a key parameter is the heat flux during
explosive boiling in the �9.00ms timescale. For violent boiling, it
is difficult to accurately determine q. It is reported that q reaches
18.5MW/m2 for ultra-high heat flux boiling.59 Corresponding to
the wall superheating,59 the boiling heat transfer coefficient
reaches 308 kW/m2 K. Integrating this heat transfer coefficient
with the wall superheating of Tr � Tsat¼ 464.5–373.1¼ 91.4 K in
the present study, q is estimated as 28.18MW/m2 to be used here.
In Eqs. (9) and (12), V and dV/dt are the traveling velocity and
acceleration, which are determined based on the measurement

outcomes in Fig. 5(c). Having Fth, Fi, and Fd, one can achieve the
scaling law expressed in Eq. (13).

Fth/Fd and Fth/Fl vs D are shown in Fig. 11 with the black curve
using Eqs. (10) and (11) for drag force Fd surrounding by air and the
blue curve using Eqs. (14) and (15) for viscous drag force Fl above a
vapor film. The two curves are intercrossed with each other at D
� 1.3mm, and the drag forces using different calculations are in the
same magnitude. For both curves, most of the data points are larger
than 1, demonstrating larger Fth than Fd or Fl. Figure 11 concludes the
dominant force of Fth (the thrust force, or say, the evaporation
momentum force). For smaller droplet in the later stage of the process,
Fth/Fd or Fth/Fl can be smaller than 1, explaining the stopped motion
for fine droplet such as �100lm. Figure 11 verifies the scaling law of
Fth/Fd � D.

In the present study, Eq. (13) presents the thrust force relative
to other forces obeying the D�1 or D law. Here, we use such a scal-
ing law to explain our experimental observations. Recall that Figs.
5 and 7 are plotted for droplet dynamics vs time over the entire
droplet lifetime by subdividing the time into three regimes. These
three regimes correspond to three drop size ranges. The general
trend shown in Figs. 5 and 7 clearly shows that the droplet travel-
ing velocity V increases with a decrease in droplet diameter D, and
the distribution of incoming and reflecting angles becomes more
narrowed when D decreases. Replot these results in Fig. 12 for V,
ain, aout, and d/D0 vs D�1. The scaling laws of Fth/Fi � D�1 and
Fth/Fg � D�1 indicate that the contribution of thrust force to the
droplet dynamics becomes more dominant when D decreases.
V should be larger for the increased contribution of thrust force
relative to other forces, explaining the increased V vs D�1 [see
Fig. 12(a)]. The scaling law of thrust force relative to other forces
also influences the distribution of ain and aout. The larger contribu-
tion of thrust force relative to other forces explains smaller ain and
aout as well as the smaller deviation of line trajectories from the
plate center point when D�1 increases, or say, at smaller drop sizes

FIG. 11. The calculated results of Fth/Fd and Fth/Fl dependent on D.
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[see Figs. 12(b) and 12(c)]. Figure 12 does not represent the scaling
law itself but explains the control outcomes using the D�1 scale law.

D. Comments on the dominant mechanism
for droplet control

A novel working principle is proposed to control droplet motion,
which is fulfilled via the mixed mode of Leidenfrost on the main heater
surface and nucleate boiling on a sharp-edged contact surface. The
main heater surface is smooth and maintains a higher temperature
than the skirt ring. The skirt ring roughness (�lm scale) triggers
explosive boiling to create sufficient thrust force, ensuring a droplet to
have line trajectories with high speed and to pass through the main
heater surface center with a small focusing area. The evaporation
momentum force is the dominant mechanism.

To further verify this dominant mechanism, the comparative
experiment was performed with both smooth surfaces of the main
heater and the skirt ring. Under such circumstances, the evaporation
momentum force is weak, due to the weak heat transfer between the
droplet and skirt ring. Thus, for the droplet curved trajectories, there is
no focusing area at all (see Fig. 9).

Several groups identified droplet rotating motion.57,60,61 Bouillant
et al.57 reported that Leidenfrost droplet initially at rest on horizontal
substrates self-rotate and self-propel in the direction that they are roll-
ing in the absence of any source of asymmetry or external force. The
droplet rotating is found to be influenced by drop sizes. For large
drops such as R � 1.5mm, two convective cells are identified in
the droplet, causing symmetry flow without bulk droplet rotating [see
Fig. 13(a)]. However, when drop size decreases to R< 1.5mm, a single
convective cell is observed in the droplet, under which the flow sym-
metry is broken to yield bulk droplet rotating [see Fig. 13(b)].
The rapid internal flow accompanies by a tilting of their base, which
creates a permanent ratchet-like mechanism, entraining the rolling
liquid despite the fact that it is not in contact with its substrate [see
Fig. 13(c)]. In our experiment, droplets may also rotate occasionally,
which is observed by tracking a bubble in the droplet. Figure 14 shows
a typical case with Tw¼ 223.0 �C and Tr¼ 191.4 �C. The droplet
moves to the left [see Fig. 14(a)]. After the 26th collision with the skirt
ring, the droplet moves to the right [see Fig. 14(b)].

Our experiment indicates that after each collision with the side-
wall of the skirt ring, the reflection angle aout is not exactly the same as
the incoming angle ain [see Fig. 7(c)]. The deviation of aout from ain

FIG. 12. The measured results satisfying
the scaling law analysis. (a) V � D�1. (b)
ain and aout vs D

�1. (c) d/D0 vs D
�1.
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can be partially explained by the droplet rotating motion. Considering
that a solid ball is approaching an elastic wall with its incoming angle
of ain. If the ball does not rotate, the reflection angle aout should be the
same as ain. However, if the ball rotates in the anticlockwise direction,
the reflection angle is smaller than the incoming angle [see Fig. 15(a)].
Otherwise, the reflection angle becomes to be larger than the incoming
angle [see Fig. 15(b)]. During the collision of a body with a wall, a

friction force is generated to alter the reflection angle. For the present
problem, an example is given for Fig. 14, in which aout¼ 1.06�, which
slightly deviates from ain¼ 1.72�. In summary, the dominant contri-
bution of the thrust force causes the control of droplet motion in line
trajectories and passing through the plate center within a small focus-
ing spot. The droplet rotating motion partially explains the small devi-
ation of the reflection angle from an incoming angle.

FIG. 13. Leidenfrost droplet rotating. (a)
Large droplet rotating with two internal
convective cells. (b) Symmetry breaking
with a single convective cell. (c) Drop levi-
tating is titled on average by an angle c.
This figure is replotted based on Ref. 57.

FIG. 14. The rotating of droplet does not influence line trajectories passing through the main heater center. (a) Droplet traveling to left. (b) Droplet traveling to right after colli-
sion with the skirt ring.
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V. CONCLUSIONS

A Leidenfrost droplet has ultra-low resistance for transportation.
Previous studies used micro/nanostructures fabricated on a hot surface
such as saw-tooth structure,22,23,26 wettability gradient,27–29 and struc-
ture gradient.25,27,29 These structures create an imbalance force for
droplet motion. Here, we introduce another material having a lower
temperature than the main heater surface. The main heater surface
works in the Leidenfrost mode, but the skirt ring works in the nucleated
boiling mode. The sandpaper polishing technique is simple but effective
for the preparation of the two kinds of surfaces. The�lm scale rough-
ness on the skirt ring surface not only enhances radiation heat transfer
but also supplies sufficient nucleation sites to trigger explosive boiling
to emit a droplet. The thrust force is large enough to overcome inertia
force and drag force, generating a line trajectory to reach a target loca-
tion. This principle converts random motion to line motion for drop-
lets. In our experiment, for all the collisions between the droplet and
skirt ring, the droplet displays line motion to pass through a focusing
area that is �1% of the Leidenfrost surface area. The traveling velocity
attains�85 cm/s, larger than the value reported in the literature.

After performing the following studies: (1) well controlled droplet
motion via the rough skirt ring, (2) not controlled droplet motion via
the smooth skirt ring, (3) scaling law analysis, and (4) the effect of
droplet rotating on the control of droplet dynamics, we conclude the
dominant mechanism of evaporation momentum force produced via
rough surface induced explosive boiling.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the experimental
information.
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