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1

Problem statement

Etapa High School - Valinhos, SP, Brazil
Leidenfrost effect, a water drop placed on a
Itainnhotthecircumstances,
surface can survive for minutes. Under cersuch a drop develops oscillating star shapes. Induce different oscillatory modes
and investigate them.

2

Introduction

The Leidenfrost effect occurs when a liquid is
placed upon a very hot plate, and instead of instantly evaporating, the droplet appears to levitate
on top of the plate. The temperature at which this
phenomenon begins to occur is called the Leidenfrost Point.
This phenomenon happens because when the
droplet touches the plate, a small portion of water
evaporates almost immediately, creating a layer of
vapor undermeath the droplet which levitates it and
thermally isolates the droplet from the hot plate.
This causes the droplet to survive (i.e.,not evaporate completely) for up to a few minutes over the
hot plate, as illustrated in FIG. 1.

3
3.1

Theoretical Background
Heat Transfer Mechanisms

The heat transfer mechanism between the hot
plate and the droplet can be modelled using the
Rayleigh number σ . By computing the Rayleigh
number, it is possible to determine which heat
transfer mechanism - convection or conduction - is
the most relevant for the conditions of the hot plate
and the droplet. The Rayleigh number [1] can be
expressed as:

σ=

gβ ∆T
α L3
ν

(1)

Where g is the gravitational acceleration; β
is the air thermal expansion coefficient, ∆T is
the temperature difference between the hot plate
and the droplet; L is the characteristic length (the
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FIG. 3. Droplet oscillation modes

FIG. 1. Water droplet with coloring exhibiting the
Leidenfrost effect on a hot plate

FIG. 4. Forces acting on an oscillating droplet

FIG. 2. Spherical and cylidrical droplets

droplet radius); ν is the kinematic viscosity; and α
is the thermal diffusivity.
If the Rayleigh number σ is such that σ ≫ 1500
then convection prevails over conduction. Alternatively, if σ < 1500 then conduction prevails over
convection [1].
Assuming typical values for all constants,
namely: g = 9.81 m/s2 ; the Rayleigh number for
our experimental setup is given by:

σ∼
= 20000

(2)

Hence, based on the value of σ we can assert
that convection prevails over conduction throughout the droplet. This conclusion is rather intuitive
since convection is a slow process, and as observed
experimentally the droplet can survive many minutes over the hot plate.

3.2 Droplet shape
Droplets on a hot plate under the Leidenfrost effect may assume spherical or cylindrical shapes, as
shown in FIG. 2.
The droplet shape is dependent on the ratio of
inertial forces to surface tension forces which is
expressed as the Bond number Bo [2], defined as
follows:
Bo =

ρ gL2
γ

(3)

where ρ is the liquid density, g is the gravitational acceleration, L is a characteristic length and
γ is the surface tension (at ambient temperature
γ = 71.97 mN and ρ − 997 kg/m3 ).

For Bo ≈ 1, surface tension forces are more relevant, and the droplets assume a more spherical
shape. For Bo ≫ 1 surface tension forces are less
relevant (when compared to inertial forces) and the
droplets assume a cylindrical shape.

3.3 Droplet oscillations
A droplet on a hot plate exhibiting the Leidenfrost effect oscillates and forms stable shapes
including an ellipsis, triangle, or a 5-pint star,
as illustrated in FIG. 3. The number of points
formed by the oscillating droplet is called the Oscillation Mode N; and the distance between the
points is called the Oscillation Wavelength λ . FIG.
3 shows droplets with four different oscillation
modes, from N = 2 (forming an elliptical droplet)
to N = 5.
The droplet oscillates, after an initial perturbation, because surface tension forces, acting tangentially to the liquid surface, provide a rebounding
force along the symmetry axis of the droplet, as
illustrated in FIG. 4. This makes the droplet oscillate with a certain mode and amplitude and with an
equilibrium position that corresponds to a circular
droplet.
Using this model, the frequency of oscillation of
the droplet can be formulated, based on the its geometry (be it spherical or cylindrical). Assuming
the fluid is irrotational, and applying the continuity
equation, Laplace’s equation for the velocity potential ϕ is obtained, defined as⃗v = −⃗∇ϕ , where ⃗v
is the fluid velocity and ϕ is the velocity potential,
therefore:
⃗∇ ×⃗v = 0 and ⃗∇ ·⃗v = 0 ⇔ ∇2 ϕ = 0

(4)

The equations for the droplet’s frequency of osLeidenfrost Effect
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cillation as a function of the oscillation mode N, for
cylindrical and spherical droplets can be shown [3,
4] to be as follows:
√
1
N(N − 1)(N + 2)γ
fsphere =
(5)
2π
ρ R3
√
1
N(N 2 − 1)γ
fcylinder =
(6)
2π
ρ R3
where fsphere is the frequency of oscillation
using a spherical approximation and fcylinder is
the frequency using a cylindrical approximation.
The parameters N, γ , ρ and R correspond to the
droplet’s mode of oscillation, surface tension, density and radius respectively.

3.4 Droplet oscillation wavelength
Assuming the droplets oscillate with an equilibrium state corresponding to a circular shape, we
can derive an approximate relation for the wavelength as the perimeter of the circle divided by the
number of points (oscillation mode N), as follows:
R
2π R ∼
(7)
= Nλ ⇔ λ ∼
= 2π
N
where clearly this equation is more precise for
larger values of N.
In order to derive an approximate relation between the frequency of oscillation f and the oscillation mode N, we first simplify Eq. [(4), (5)]
by assuming a value of N ≫ √
1. In this case both
N2γ
1
∼
equations simplify to: f =
3 . Now we can
2π

ρR

substitute NR ∼
= 2λπ from Eq. (6) into f resulting in
the following relation between frequency and oscillation mode:
√
γ
f∼
(8)
= 2π
ρλ 3
and again, this relation is more precise for larger
values of the oscillation mode N.

4 Experimental results
4.1 Experimental setup
The materials used in our experimental setup
were:
1. Plain water with a color dye (to facilitate visualization, a small amount of color dye was
added to the water, but the overall liquid properties such as density and surface tension did
not change appreciably when compared to
plain water).
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2. Hot Plate (Hot Plate Fisatom Model503,
230 V, 1010 W, temperature range 50
to 360, http://loja.fisatom.com.br/placasaquecedoras/placa-aquecedora-mod-503154.html)
3. Mechanical Impulse Generator (Reichert
Model EQ173.20, 220 V, frequency range: 0
Hz to 1500 Hz)
4. Camera from Iphone 6: 8MP (f/2.2, 29
mm, 1/3”, 1.5 m), phase detection autofocus,
dual-LED dual-tone flash, video 1080p60fps,
720p240fps.
5. Multimeter Minipa, Model ET-1002 with
Temperature meter(Thermocouple), temperature range -50 ◦C to +400 ◦C.
As explained in the introduction, the temperature
at which the droplet begins to levitate on top of the
hot plate is called the Leidenfrost Point. For our
setup, we experimentally determined this temperature to be T = (190±0.5) ◦C, which was measured
on the hot plate surface using a thermocouple and
a multimeter.
The duration of the Leigenfrost effect, i.e.,the
time the droplets survive on the hot plate without
evaporating, depends on the temperature of the hot
plate surface. Hence, to maximize this duration
and facilitate the observation and measurements,
we experimented with a range of hot plate temperatures above the Leidenfrost Point. The temperature for which the droplets exhibited the maximum
survival time was found to be T = (265 ± 0.5)
◦C, which is the temperature at which all measurements were made.
In order to induce droplet oscillations, we used
a mechanical impulse generator placed underneath
the hot plate, as shown in FIG. 5. The mechanical impulse generator works as a surface that vibrates at a set frequency. The frequency f of the
impulse generator was directly transferred to the
hot plate above. The vibration of the hot plate with
frequency f induced droplet oscillations with the
same frequency f . By varying the frequency f of
the impulse generator we could induce different oscillating frequencies on the droplets and indirectly
induce different oscillation modes, since f , the oscillation mode N and the radius R are related according to Eq. [(4), (5)].
Different oscillation modes were induced in two
different ways:
1. By varying the frequency f (supplied by the
mechanical impulse generator) and keeping
the droplet volume and radius constants;
2. By varying the droplet radius R, and keeping the frequency f constant. We varied the
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FIG. 6. Pictures of droplets exhibiting different
oscillation modes
FIG. 5. Hot plate on top of a mechanical impulse
generator

droplet radius by adding fixed quantities of
water to the droplet which changed its volume
and thus the radius in a uniform manner.

4.2 Measurements and analysis
Using the setup described in section 4.1, we
managed to induce twelve different oscillation
modes (from 1 to 12). We recorded videos of the
droplets oscillating, using 240 frames-per-second,
and using Tracker Software [5] we were able
to capture precise imaging of the droplet shapes
and movements. FIG. 6 contains pictures of all
droplets exhibiting very clearly the different oscillation modes.
Through multiple experiments we measured the
oscillation frequency, the oscillation mode, the radius of the droplet and its wavelength. We then
compared the measurements against the theoretical values obtained using formulas for the Bond
number (Eq. (2))and the oscillation frequencies
for spherical and cylindrical approximations (Eq.
[(4), (5)] respectively). The results are shown in
the graphs in FIG. [7 - 10].
The graphs in FIG. [7, 8] illustrate the relationship between the oscillation frequency and the radii
of the droplets for elliptical droplets (oscillation
mode N = 2) and triangular droplets (oscillation
mode N = 3) respectively. The red (top) and blue
(bottom) lines correspond to the theoretical results
for spherical and cylindrical approximations respectively. The green (middle) line corresponds to
an experimental fitting of our data.
The fitting on both graphs used the function f ∝
1
, which was based on Eq. [(4), (5)], considerR1.5
ing a fixed value for the oscillation mode N, and
constant values for the density ρ and for the surface tension γ .
In order to consider the droplet surface tension
constant, we needed to measure and analyze the oscillations before any significant evaporation happened. Empirically we observed that no significant evaporation happened in the first 30 s after the
droplet was placed on the hot plate. Considering
an oscillation period close to 0.2 s, we were able

FIG. 7. Relationship between oscillation Frequecny
and Radii for triangular droplet (oscillation mode n=2)

to record and analyze dozens of oscillations per
point in the graphs, without any significant variation of density and surface tension. We also analyzed the oscillation modes were induced due to
the decrease in the droplet radius (due to evaporation). Surface tension and density also varied with
temperature, but their effect on the mode number
is much smaller than the change in radius. As a
simple estimate, we observed that for evaporation
to change the mode number, the droplets had to be
on the hot plate for at least 30 s.
The graph iin FIG. 7 (elliptical droplets, oscillation mode N = 2) shows that for smaller radii, the
experimental data was closer to the spherical approximation line, whereas for larger radii, the experimental data was closer to the cylindrical approximation line. This can be explained by the
Bond number. For smaller radii, the Bond number is small which is a characteristic of spherical
shaped droplets, thus the measured results were
closer to the spherical approximation line. Conversely, for larger radii, the Bond number increases
becoming a characteristic of cylindrical shaped
droplets, and the measured results became closer
to the cylindrical approximation line. The graph
in FIG. 8 shows the same behavior as FIG. 7,
but now using triangular droplets (oscillation mode
N = 3). Similarly, droplets with smaller radii exhibited frequencies closer to the spherical approximation, whereas larger droplets exhibited frequencies closer to the cylindrical approximation.
The graph in FIG. 9 plots frequency vs radius for
Leidenfrost Effect
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FIG. 8. Relationship between Oscillation Frequency
and Radii for elliptical droplet (oscillation mode n=3)

three different oscillation modes, namely elliptical
(n = 2), quadrilateral (n = 4) and hexagonal (n = 6)
droplets.
This graph shows that as the oscillation mode increases, we obtain higher frequencies for the same
radius. It is also possible to see that the oscillation
frequency decays as the droplet radius increases.
In a more precise manner, we observed that, the
frequency decays with R11.5 , as predicted by our theoretical analysis.
Using Eq. (4), we can derive a formula fo the ratio of frequencies considering the same radius and
different oscillation modes, as shown below, for
the curves N = 2 and N = 4:
fN=4
=
fN=2

1
2π
1
2π

√
√

72γ
ρ R3
8γ
ρ R3

√
= 9=3

(9)

√
N=5
N=5
Similarly, for ffN=2
we obtain ffN=2
= 30 ∼
=
5.48. These ratios remain constant for two fixed
values of N regardless of the radii. This can be
verified empirically from the graphs in FIG. 9.
The graph in FIG. 10 shows the relation between Frequency and Lambda (oscillation wavelength) for values of N ≫ 1 (we used N = 10, 11
and 12). Eq. (7) presented the frequency as a function of the wavelength λ , which was, in turn, defined in Eq. (6). The fitting used was based on
Eq. (6), i.e., f ∝ R11.5 . We can see that our experimental points closely matched the fitted curve, thus
validating our theoretical formulas and approximations.

5 Conclusions
This work presented a theoretical background on
the Leidenfrost effect and performed experiments
and measurements of the Leidenfrost effect on water droplets on a hot plate. The experimental results
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FIG. 9. Relationship between Oscillation Frequecny
and Radii for droplets under three different oscillation
modes

FIG. 10. Frequency as a function of wavelength

were compared against the theoretical approximations.
We analyzed the heat transfer mechanisms that
occur in the droplet using Rayleigh’s number
and found them to be primarily convection. We
also investigated the droplets geometry based on
their Bond numbers, characterizing them as either
spherical or cylindrical.
We experimentally induced the oscillations using a mechanical impulse generator which allowed
us to induce several different oscillation modes.
We analyzed the frequency of oscillation as a function of the mode number and droplet radius.
We presented theoretical approximations for frequency of oscillation and wavelength and compared them against the experimental results. In all
cases the experimental results were close to the theoretical values.
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