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Bouncing of Leidenfrost steel balls on water surface
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A steel ball with a density higher than that of water can bounce on a water surface when heated to a temperature
well above the Leidenfrost point. In this letter, an experiment is conducted where heated steel balls are released
onto a water surface. The heated steel ball descends into the liquid, thus causing the liquid to evaporate and
form a vapor cushion with an upward force that lifts the steel ball. Subsequently, the steel ball bounces off the
water surface, like a solid ball bouncing off an elastic surface without sinking into the water. This phenomenon
is known as the inverse Leidenfrost effect. In this letter, we evaluate the various motion behaviors of spheres at
different Reynolds numbers and temperatures. Additionally, we analyze the bouncing behavior of solid spheres
on a free liquid surface and examine the various force components.
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When a droplet is deposited on an extremely hot solid
surface, a vapor layer is created between the droplet and
solid surface, thus allowing the droplet to levitate on the
surface. This phenomenon, which was discovered in the 18th
century, is known as the Leidenfrost effect [1]. Authors of
numerous studies have demonstrated that the Leidenfrost ef-
fect can effectively reduce the heat transfer between liquid
droplets and substrates, thus rendering it applicable in vari-
ous engineering fields such as sublimation heat engines [2]
and fire-suppression systems [3]. However, it adversely af-
fects certain processes, such as nuclear reactions [4] and
spray cooling [5]. Furthermore, the unique dynamic behaviors
caused by the Leidenfrost effect, such as almost frictionless
motions [6], self-propulsion [7], and drag reduction [8], have
demonstrated substantial potential in transportation, includ-
ing self-propelled vehicles [9], hovercraft [10], and energy
conversion [11]. Therefore, further research and applications
related to the Leidenfrost phenomenon can advance engineer-
ing and scientific technologies. Researchers have extensively
investigated the bouncing dynamics of liquid droplets on solid
surfaces [12—15]. Droplets and vapor coexist in the quasistatic
Leidenfrost equilibrium; this phenomenon is governed by the
relationship among the droplet shape, vapor-cushion thick-
ness, gravity, surface tension, and the lift generated by vapor
expulsion [14]. Bouillant et al. [13] reported that volatile
liquids deposited on a thermally graded substrate were not
only suspended (Leidenfrost effect) but also accelerated spon-
taneously toward colder regions.

In another scenario, when a hot object descends into a
liquid with a low temperature or at boiling point, the evap-
oration of the working fluid creates a vapor film surrounding
the hot object, thus reducing the dynamic drag of the fluid.
This phenomenon is known as the inverse Leidenfrost effect
[16,17]. The inverse Leidenfrost effect involves a hot object,
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such as a droplet, levitated above a cooler liquid. In this case,
the heat from the droplet causes some of the liquid to evapo-
rate, thus forming a vapor cushion. Vakarelski et al. [18-21]
investigated this topic comprehensively. They observed that
heating steel balls descending into various liquids resulted
in the formation of a vapor film enveloping the spheres and
altered the shape of their wakes. Flow separation occurred
near the upper pole, thus changing the pressure distribution
around the spheres and reducing drag. The maximum drag
reduction effect was 85%, with a 75% drag reduction in water
near saturation temperatures. This effect was particularly pro-
nounced at higher Reynolds numbers (Re) [18]. Additionally,
they discovered that altering the wettability of a steel ball
surface to render it either hydrophilic or hydrophobic substan-
tially affected the persistence of the vapor layer. The vapor
layer collapsed shortly after its descent for both hydrophilic
and typical hydrophobic spheres [21]. However, the super-
hydrophobic spheres maintained the vapor layer throughout
the descent until the temperature decreased to the pool tem-
perature without transitioning to nucleate boiling during the
process.

In a previous study pertaining to inverse Leidenfrost phe-
nomenon in liquid-liquid systems [22], researchers reported
that the pressure drop in the lubricating vapor layer can be
expressed as AP ~ “AhﬁRz, where AP is the pressure within
the vapor layer, u the viscosity, AT the temperature differ-
ence, R the sphere radius, and /' the vapor film thickness. This
pressure drop governs the suspension and sinking behavior of
the droplets. The levitation time exhibits a linear relationship
with the droplet radius. Furthermore, in the experiments con-
ducted by Gauthier ef al. [23], ethanol droplets self-propelled
when deposited on liquid nitrogen, which was attributable to
the instability of the droplet at the liquid-nitrogen interface
(caused by the thickness of the thin film Ak before and after
the droplet was deposited). This contrasts with the motion
observed on solid substrates, which is driven by the symmetry
breaking of internal flow within the droplet [24].
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FIG. 1. (a) Setup for descending-sphere experiment; subfigure shows control of descending heated sphere. (b) Sphere with temperature
higher than Leidenfrost point can generate a vapor film, thus resulting in the inverse Leidenfrost effect.

Lee and Kim [25] investigated the impact of solid spheres
on a free liquid surface and discovered that solid spheres with
a higher density can bounce on the free surface of a liquid with
a relatively lower density without sinking into the water. This
is attributed primarily to the superhydrophobic surface of the
steel ball used. This letter is based on this observation. Specif-
ically, the purpose of this letter is to investigate whether steel
balls heated to the Leidenfrost temperature can bounce on the
surface of water. In previous experiments involving spheres
descend freely into water, researchers typically focused on
the cavity depth and meniscus [26-29]. In this letter, we
investigate the dynamic behavior of solid Leidenfrost metal
spheres on a liquid surface. Specifically, millimeter-sized
spheres are heated to reach the Leidenfrost temperature, fixed
to a specific height, and allowed to descend freely. We discov-
ered that, once high-density metal spheres reached a specific
Leidenfrost temperature, they bounced on the water surface
without sinking. Thus, we endeavor to determine the factors
contributing this bouncing behavior of high-density metal
spheres.

Figure 1(a) shows a schematic illustration of the experi-
mental setup for this letter, which is inspired by the setups
used by Aristoff and Bush [28] and Castagna et al. [30].
The tank was filled with water, and a high-speed camera was
strategically positioned to capture the front view of the tank.
Various small steel balls with diameters (D) of 0.5, 0.7, 1, and
2 mm were heated and released freely from heights (H) of 1
and 0.5 cm above the water surface. In this setup, we devised a
simple mechanism to control the ball descent. A heat-resistant
bowl with a diameter of 2.2 mm at the bottom was placed
directly above the tank. A baffle was used to conceal the hole,
and small steel balls were placed in the bowl through the hole
using pliers. A heat gun was utilized to heat the steel ball
positioned above the bowl. The temperature was measured
using an infrared thermometer. When the ball reached the
desired temperature (450, 550, 560, 580, and 600 °C), the heat
gun was turned off, and the baffle was swiftly adjusted to open
the hole, as shown in the subfigure of Fig. 1(a). This allowed
the heated ball to descend smoothly into the tank. The entire
process was recorded using a high-speed camera at 2000 fps.
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FIG. 2. Three sets of images showing a ball of different sizes descending into water at different heating temperatures and release heights.
The phenomenon of a heated ball impacting water surface can be categorized into three scenarios: sinking, transition, and bouncing. The video
in the Supplemental Material [33] shows the moving images of this figure.

When the temperature of the sphere was 25°C and the
sphere was extremely small, the impact velocity was ex-
tremely low, and surface tension dominated the dynamic
behavior of the sphere after it impacted the surface. In this
case, the sphere may either float or bounce [25]. Authors of
other studies showed a similar behavior for liquid droplets
impacting a free liquid surface, thus indicating the presence of
an air layer enabling the floating or bouncing behavior [31].
In the experiments, we observed that, as the temperature in-
creased, oscillations occurred near the saturation temperature
and disappeared completely at 150 °C. These oscillations were
primarily caused by surface tension. Oscillations describe
the phenomenon where a sufficiently small sphere, when re-
leased onto the surface of water at room temperature, becomes
trapped on the liquid surface owing to surface tension, thus
preventing it from sinking or bouncing [31]. When the tem-
perature of the sphere is lower than the boiling temperature of
water, the main factor determining the ability of the sphere to
oscillate is surface tension. As the inertia and gravity acting
on the sphere during the descent increase, the surface tension
of the water becomes insufficient to support the sphere against
these forces, thus resulting in the sinking of the sphere.

However, when the temperature of the sphere is signifi-
cantly higher than the Leidenfrost temperature, as shown in
Fig. 1(b), the sphere begins to levitate on a layer of vapor,
which is generated from the evaporation of the pool surface.
The heat released by the sphere is transferred to the pool
surface; subsequently, the vapor generated from evaporation
flows outward through the gap between the sphere and lig-
uid pool. The pressure field generated within the vapor layer
(driving the flow) governs the levitation of the sphere. Here,
B represents the half of overlapping contact angle [32], 6 the
contact angle between the sphere and liquid in the pool, ¢
the interfacial inclination angle, #* the height from the liquid
level to the contact point, /' the vapor film thickness, & the

instantaneous depth, oy the density of water, R the sphere
radius, p, the vapor density, and p;, the steel-ball density.

In this letter, we observed three phenomena, i.e., sinking,
transition, and bouncing, when hot spheres experienced the
Leidenfrost effect and descended into the water surface, as
depicted in Fig. 2. Sinking was observed when the hot steel
ball (D =1mm, T =550°C, and H = 0.5 cm) descended
into the free liquid surface, and its motion direction and ve-
locity continued downward until the vapor cavity formed by
the crescent shape was pinched off, thus causing the sphere
to sink completely into the water. The surface temperature
of a heated steel ball significantly affects the bouncing phe-
nomenon. Hence, when the temperature of the steel ball (D =
1 mm and H = 0.5 cm) reached ~600 °C, the upward vapor
pressure force generated by the film was sufficient to allow
the steel ball to overcome gravity and inertia, thus allowing
it to bounce on the surface of the water. The upward force
was caused by the vapor pressure force generated by the vapor
film [22]. The main difference between bouncing and sinking
is that, after the steel ball reaches the free liquid surface,
its downward velocity decreases to zero when it reaches a
specific position on the crescent surface. An upward velocity
is generated until the sphere departs from the free surface.

However, as the diameter of the small steel ball decreased
(D = 0.5 mm and T = 550°C), a transition may occur.
When the steel ball reached its maximum cavity depth, it
traversed upward and then oscillated on the free liquid sur-
face. We believe that the vapor layer remained present at this
time. Over time, the decrease in vapor generation reduces
the lift necessary to suspend or bounce the sphere on the
liquid surface, thus ultimately resulting in the sinking of the
sphere. To establish a relationship between the vapor pressure
caused by temperature and the inherent inertial force of the
sphere during its descent, we conducted a dimensional analy-
sis and discovered that the inertial force of the steel ball was
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FIG. 3. Conditions when steel balls of different diameters
(0.5/0.7/0.8/1 mm) and their release heights (L) (5/10 mm) result in
Re(H*)"? values ranging from ~15000 to 55000, with dimensionless
temperatures of ~3.0—5.5(450—600 °C).

proportional to the vapor pressure: psR>a; ~ APR?, where ag
is the acceleration of a solid sphere and py is the density of a
solid ball. After organizing and consolidating the information,
the acceleration can be expressed as a; ~ == The velocity of
the solid sphere is Ug ~ a,t, which can be determmed based
on the vapor pressure steel-ball density, steel-ball radius,
and time: U; ~ t According to Ref. [26], the bouncing
time of the sphere is related to the dimensionless temperature
(AT* = 2520,

psCpY /4
t~ XA (AT ) (D

Substituting the bouncing time above into the velocity ex-

pression of the solid sphere yields

Ap p,CyV?
osR KA2

A (AT, 2)
where C, is the specific heat at constant pressure, K is the
conductivity of the solid steel ball, AT is the superheat, /iy,
is the enthalpy of vaporization, and A and V are the area and
volume of the solid steel ball, respectively. After incorporating
two dimensionless parameters, i.e., the dimensionless temper-

ature AT* = 2227 and the vapor pressure of the Leidenfrost

pgh
24;LR (— kAT
pgLVh
law, we derived an expressron correlating the inertial force and
vapor pressure. This correlation is governed by the Re, dimen-
sionless vapor thickness H*(H* = % ), and dimensionless
temperature AT*. The resulting equation is as follows:

vapor layer Ap = ), into the ultimate scaling

Re ~ (H*)*AT*Y4, (3)

Using the vapor-pressure model to analyze of the mo-
tion of the sphere, we derived an expression correlating
the Re and dimensionless parameters AT* and H*. Sub-
sequently, we applied this relationship to the data obtained
from our experiments. The results are presented in Fig. 3,
which shows that the results of scaling analysis matched

the experimental results. The relationship between the re-
bounding and nonrebounding (sinking) at the boundary is
Re(H*)'? = 0.05(AT*)*/*. The experimental data indicat-
ing the boundaries between the two distinct types of impact
behavior matched reasonably well with the scaling laws. Fur-
thermore, sinking and rebounding occurred above and below
this line, respectively. Our scaling laws indicate that spheres
with lower superheat are likely to sink when they impact with
higher inertia. However, spheres with higher superheat can
bounce easily when the impact is mild. This is the focus of
this letter, and we shall further discuss it in the next section.
A distinct transition phenomenon was identified within the
sinking and bouncing ranges. Additionally, for the impacting
events without heating, we discovered that, even at room tem-
perature, nonsinking may occur at low values of Re(H*)!/2.
For nonheated regular droplets, surface tension can serve as
a trampoline, i.e., the air layer remains stable at low impact
velocities, whereas the droplet bounces below a certain Weber
number.

The bouncing behavior of a heated sphere on a liquid
surface primarily arises from the force generated by the va-
por film of the sphere, as shown in Fig. 1(b). We assumed
that the high-temperature surface of the sphere is like a
superhydrophobic surface [25,34]. Moreover, regarding the
inverse Leidenfrost effect, as discussed by Adda-Bedia et al.
[22], we treat the Leidenfrost sphere as a perfectly nonwet-
ting sphere (9 = 180°). Therefore, we introduced a force
model for a superhydrophobic sphere entering water. The
magnitudes of these forces [35] are calculated based on the
relative sizes of h, ¢, and B, where B can be determined
using geometric and angular relationships (¢ =6 + B—m).
Therefore, when the location at which the sphere is released
is known, B can be derived based on any position. Fig-
ure 4(a) shows the location of the center of the sphere A
vs time; & is positive when the sphere traverses upward and
zero at the undisturbed free surface. Further analysis of the
force on the sphere yields the results depicted in Fig. 4(b).
The hydrophobic sphere experiences various vertical forces
in the following manner after descending into the water,
including drag force Ffd(%nRzphsin“ﬂ ), added-mass force
Fm[—%R3pfﬁA(ﬂ)], weight force Fw(;—‘nR3psg), and surface
tension F;(2w Ry sin Bsin¢). The added-mass force is the
added inertia induced by the flows around the accelerating
sphere [25]. As shown in Fig. 4(a), when the hot sphere
descended into the free liquid surface (0 ms) until it reached
its lowest position (7 ms), deceleration occurred owing to
additional forces such as F,,, Fr4, and F;. We can infer that F;
is the dominant force, both during the upward and downward
motions of the sphere. However, when the Leidenfrost phe-
nomenon occurs, we cannot describe this phenomenon merely
in terms of F; owing to the presence of the vapor layer. In this
letter, we refer to the pressure force caused by vapor, denoted
as F,, and utilize the vapor pressure formula presented in
Ref. [17] as follows:

2 B
b 24,[sz [_ kAT ]ln cos (£) ' @
h" Pl cos (%)
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FIG. 4. (a) Location of sphere center 4 vs time. (b) Contribution of force components, including surface tension Fy, form drag Fy,, added-

mass force F,,, weight force F,,, and pressure force
a surface temperature of 600 °C.

The resultant force F, exerted on the sphere by the vertical
pressure is

ﬂm
F,= 271R2/ P cos B sin Bdp, 5)
0

where /' represents the air film thickness between the droplet
and liquid surface, and B,, represents the maximum angular
position. Assuming that the air film thickness was constant,
we obtained a film thickness of ~50 ym via image anal-
ysis. We first observed the diameter of the sphere after it
descended into the water at room temperature. Subsequently,
we observed the diameter of the sphere when it descended into
the water before being heated to the Leidenfrost temperature.
The difference between the two yielded the thickness of the
film. Figure 4(b) illustrates the force analysis of a steel ball
with a diameter of 1 mm released from a height of 0.5 cm
at a surface temperature of 600 °C. We conclude that, at high
temperature, the force exerted by the vapor pressure owing to
the film is like the surface tension in the hydrophobic-sphere
model.

To further validate the accuracy of the high-temperature
sphere model, we employed Newton’s second law [Eq. (6)] to
evaluate the force relationship when a small steel ball bounced
on the water surface. We determined the force relationship at
the point where the speed of the ball reached zero, i.e., the
position where the bounce speed began to increase. The value
of all the resultant forces was 2 x 10~* N, which coincided
with the values of the mass and acceleration of the ball at the
current position. Additionally, we derived the relative position
of the sphere underwater using Eq. (6). As shown in Fig. 5, the
path of the steel ball with a diameter of 1 mm diameter was
like the experimental path:

Fy+ Fun + Fyg + Fy = $7R psh. (6)

When the temperature reached 600 °C and the spheres were
released from a height of 0.5 cm, all three spheres of different
sizes bounced upward after reaching the free liquid surface.
Figure 6(a) shows the height vs time graph for steel balls
with diameters of 0.5, 0.7, and 1 mm released from a height

F,,, for the case of a steel ball with a diameter of 1 mm released from a height of 0.5 cm at

(H) of 0.5 cm at 600 °C. The zero-height position was at the
free liquid surface. By calculating the pressure difference P o
In [CO & )] we observed as the steel-ball volume increased, the

larger-diameter spheres submerged deeper. This indicates that
a maximum pressure difference exists that results in forces.
Figure 6(b) shows the forces experienced by spheres with di-
ameters of 0.5, 0.7, and 1 mm when released from a height of
0.5 cm at 600 °C. Therefore, the deformation of the free liquid
surface is analogous to a spring undergoing deformation. As
the deformation of the liquid surface increased, the pressure
increased. Consequently, the energy experienced by the steel
ball in the vertical direction increased with the radius, thus
resulting in larger bounce heights. However, as the release
height or the sphere diameter increased, with Re surpassing
37927, the sphere motion may transition to excessive or reg-
ular sinking.

0.0 o
R prediction equ.(6)
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FIG. 5. Comparison between theoretical predictions (dashed
lines) and experimental results (filled squares) of locations of sinking
sphere (released from a height of 0.5 cm at a surface temperature of
600°C).
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FIG. 6. (a) Paths of bouncing ball with Re = 37922, 26549, and 18963. (b) Pressure experienced by sphere with Re = 37922, 26549, and

18963 during motion.

In this letter, we observed that elevated surface temper-
atures caused small solid spheres to bounce on the water
surface. Based on force analysis, we inferred that the pressure
force induced by the vapor on the surface of the sphere pre-
dominantly influenced the bouncing behavior. We identified
three distinct motion behaviors for heated steel balls using
three dimensionless parameters (Re, H*, and AT*): sinking,
transition, and bouncing. These motion behaviors, which are
associated with the Leidenfrost effect of the spheres, may

contribute considerably to various future applications, includ-
ing cooling, drag reduction, and liquid transport.

Data supporting the findings of this letter are available from
the corresponding author upon request.
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