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We experimentally and theoretically investigate the behavior of Leidenfrost droplets inserted in
a Hele-Shaw cell. As a result of the confinement from the two surfaces, the droplet has the shape of
a flattened disc and is thermally isolated from the surface by the two evaporating vapor layers. An
analysis of the evaporation rate using simple scaling arguments is in agreement with the experimental
results. Using the lubrication approximation we numerically determine the shape of the droplets
as a function of its radius. We furthermore find that the droplet width tends to zero at its center
when the radius reaches a critical value. This prediction is corroborated experimentally by the
direct observation of the sudden transition from a flattened disc into an expending torus. Below
this critical size, the droplets are also displaying capillary azimuthal oscillating modes reminiscent

of a hydrodynamic instability.

PACS numbers: 66.30.Qa, 05.70.Ln, 81.15.Aa

INTRODUCTION

In spite of its discovery in the late 19 th century [1], the
Leidenfrost phenomenon is still today the subject of nu-
merous studies for two essential reasons. The first reason
is related to the strong decrease of the thermal exchange
between the solid and the liquid due to the presence of
low thermal conductivity vapor layers: this situation is
of importance for example in metallurgy to control the
cooling of metals [2] or in nuclear reactor safety [3]. The
second is fundamental and related to the fact that a Lei-
denfrost droplet may be considered as an ideal realization
of a perfect non-wetting system [4, 5]. These droplets
have shown rich and unexpected behaviors [4]. For ex-
ample drops on periodic patterned surface display a drift
due to the spatial symmetry breaking. Furthermore pos-
sible applications of Leidenfrost droplets might be the
transport of liquid in the milli-fluidic or micro-fluidic area
[21]. For example low pressure Leidenfrost droplets have
been shown recently to be stable at room temperature
and could be subsequently potential receptor of particles
in solution [12]. Surprisingly, to our knowledge no stud-
ies have been devoted yet to the Leidenfrost effect in a
2d confined geometry. This is somehow unexpected be-
cause such a complex phenomenon should display new
properties as the spatial dimension is reduced. The aim
of this paper is thus to investigated a simple situation
representative of the effect of spatial confinement on the
Leidenfrost droplets. These droplets are inserted in a
horizontal Hele-Shaw cell whose gap is smaller than the

capillary length k=1 = \//pig with v being the surface
tension, p; the liquid density and g the acceleration of

gravity. As a result of the confinement from the two sur-
faces the drop takes the shape of a flattened saucer-like
disc which floats between two vapor layers. These drops
are quasi thermally isolated from the surface by the evap-
orating vapor layers and they display undulating star-like
shapes. In this Article, we first describe our experimental
set-up and we describe the dynamic of evaporation by a
simple model which takes into account the Poiseuille flow
in the vapor layer. This model is in agreement with the
experimental results for the global evaporation rates. We
then discuss the vertical profile of the drop using a the-
oretical model which results from the balance between
surface tension and the Poiseuille flow in the vapor layer.
We observed that the droplets have a maximum radius
R, beyond which they transform into a torus by the pro-
cess of a hole nucleation and expansion at their center.
These experimental results are confronted with our theo-
retical model and fall within a good agreement. We also
report observations of large amplitude star-like undula-
tion consisting of azimuthal oscillating capillary wave.
The frequency of oscillations is measured and is found to
be close to the frequency of Rayleigh capillary wave of
droplets. Finally, we discuss possible mechanisms at the
origin of the instability leading to star-like oscillations of
the droplets.

EVAPORATION DYNAMIC
Experimental results

Our experimental set-up is depicted in Fig.1. A heated
copper block permits to control the temperature 7, of
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FIG. 1: Experimental set-up : a Hele-Shaw cell is heated at a
controlled temperature Tp. A Leidenfrost droplet of radius R
is inserted between the two hot plates separated by a spacing
d.

two plates separated by a spacing of width d. This tem-
perature is measured with a PT100 temperature sensor.
The upper plate is made of sapphire whose optical and
thermal properties permit us to visualize the droplet from
the top through a semi-transparency mirror. The lower
plate is covered with a silicon wafer. Images are recorded
with a high speed camera with a frame rate varying be-
tween 60 and 4000 frames per second. As for classical
Leidenfrost droplets we suppose that the liquid is at its
boiling temperature T3 and we denote AT =T}, — T} the
temperature difference between the hot plates and the
droplet. For all the experiments, the plate temperature
has been fixed to T, = 300 Celsius, giving a value of
AT = 200 Celsius. A capillary is used to insert the ultra
distilled water droplet into the Hele-Shaw cell. Different
spacings d have been used ranging between d = 0.3 and
2 mm.

We first investigate the dynamics of the evaporating
droplets. The lifetime of the droplet is about ten sec-
onds, one order of magnitude lower than usual Leiden-
frost droplets and two orders of magnitude lower than
low pressure Leidenfrost droplets [12]. As illustrated on
Fig. 2, the droplet is slowly evaporating and its radius
R is decreasing with time. An image analysis permits
to record the evolution of R with the time ¢, its value is
deducted from the apparent area of the droplet viewed
from the top. It is worth noticing that the shape of the
drop is not necessary circular but presents some contour
oscillations that will be discussed in the last section of
this Article. We represent in Fig. 3 the time evolution

0.003 —— . .

R (m)

10 15
t(s)

FIG. 3: Droplet radius as a function of time for three different
spacings d = 1, 0.5 and d = 0.3 mm respectively in red, green
and brown circles. The full lines correspond to the best fit to
Eq. (9)

of the radius R for droplets inserted in three cells with
different spacings : d = 0.3, 0.5 and 1 mm. We clearly see
that the lower the spacing the faster the evaporation of
the droplet. The full lines correspond to a best-fit of the
phenomenological model which is presented just below.

Phenomenological model

One of the difficulties in the Leidenfrost system con-
sists in the determination of the thickness h of the va-



por film which is situated between the drop and the
heated plates. In order to estimate h we develop a model
based on a simple scaling argument which applies to a
flat droplet of radius R as shown on Fig. 1. The va-
por film thickness results from the balance between the
pressure (driven by the Poiseuille flow produced by the
local vapor evaporation) and the capillary surface tension
effects. Energy conservation during the evaporation pro-
cess (namely Stefan’s boundary condition on the liquid-
vapor interface) and Fourier law for the heat transfer in
the film yield the order of magnitude for the vertical ve-
locity w of the vapor near the surface of the droplet. It
reads:

poLw o< AAT /h. (1)
Here L is the latent heat per unit mass, A is the thermal
diffusivity coefficient, AT is the temperature difference
between the hot plates and the droplet and p, is the den-
sity of the vapor. Mass conservation yields the following
estimate for the magnitude of the horizontal velocity u
in terms of the vertical velocity w:

u/Roxw/h. (2)

Assuming a Poiseuille flow in the vapor in the lubri-
cation regime leads to an horizontal pressure drop AP
which scales as

AP/R o qu/h?, (3)

where 7 is the vapor film viscosity.
Finally, we note that the Laplace pressure AP between
the drop and the gas reads:

AP o /d, (4)
Here we have neglected the small curvature term which
is smaller by a factor d/R.
We obtain using Egs.
height h which reads:

(1-4) a relation for the film

1/4
hoc RY/241/4 (M) , (5)
poLry
which can be rewritten simply as :
hO(R1/2d1/4l1/4, (6)

where we have introduced a characteristic length [ defined
as :

I NAAT

poly @)

As shown by Eq. (6), the width of the vapor layer h can

thus be deduced from the measured value R.
Furthermore we can also verify experimentally that the

previous scaling holds by measuring the time evolution

of the radius of the drop R(t). The rate of evaporation
of the droplet can be deduced from the outgoing flux of
vapor and reads:

d (TR?d) o 2p,TR*w .

Pl& (8)

Solving this differential equations using Egs. (1) and
(6) we obtain the evolution radius R(t) as:

R(t) x (RY* — Ct)?. (9)
Here
_ AT 5
=T (10)

As shown on Fig. 3, we compare the experimental mea-
surements of the time evolution of the radius R(t) with
the theoretical prediction given in Eq. (9) for three dif-
ferent values of the spacing d. A satisfactory agreement is
found between the theory and the experiments. We can
infer the value of the constant C' from a best-fit adjust-
ment of the data given on Fig. 3 using the time evolution
for R(t) given in Eq. (9). As shown on Fig. 4 the values
of C obtained lead to the expected dependence C' ox d—5/4
as predicted by Eq. (10). It is worth noticing that the

value of the pre-factor ;;;\LA% found experimentally using

the data shown on Fig. 3 is 2.9 x 10~"m'/2s~1. Tt is of
same order than the one predicted 5.4 x 10~ "m?!/2s~1.
Here we have used the following values for the physical
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FIG. 4: Values of the parameter C' as a function of the spacing
d. The full line corresponds to the scaling law predicted in
Eq. (10).
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FIG. 5: Images sequence of the hole nucleation and growth.

DROPLET SHAPE AND HOLE NUCLEATION

The previous analysis is based upon a strong hypoth-
esis of a constant vapor thickness, both below and above
the droplet. It has been recently shown that this hypoth-
esis does not hold properly for 3D Leidenfrost droplet
[11]. Therefore we decided to perform a deeper theo-
retical analysis to predict the vapor layer profile in our
confined geometry.

Lubrication model

Let the height of the vapor layer at the equator be hy,
the neck height h, and the radius of the droplet be R
as shown on Fig. 6. The two plates are held at tem-
perature T}, and are separated by a distance d, the tem-
perature of the drop is T. Let h(r) be the shape on
the lower interface and d — h(r) the shape of the upper
interface.The balance between the surface tension effect
and the Poiseuille flow leads to a variety of shapes which
can described using the lubrication approximation. This
approach has been used successfully in another context
such as lens floating [13]. The pressure p in the vapor film
just outside the drop is driven by the following equation
as shown in Appendix A and reference [11]:

rh3 rnrAT

where kK = A\/(p,L). Equation (11) derives from the in-
compressibility condition of the vapor and the Poisseuille
hydrodynamic relation [11]. The pressure in the vapor
film just below the drop is given by:

D =pd—O0K. (12)

Here pg is the pressure in the drop which is supposed to
be constant, o is the surface tension and k is the mean

curvature which reads:
K= 051 +siny/r. (13)

Let us choose d as the unit of length and ¢ /d the pressure
unit. in these units Eq. (11) reads:

rh3 ro

where o = 29T {5 a dimensionless parameter which de-
od p
pends on d.
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FIG. 6: sketch of a vertical cut of a drop. ho, h, and R are
shown.

The lubrication Eq. (13, 14) can be reformulated in
curvilinear coordinates as:

dsh = sinvy, (15)
Ost = cos, (16)
057 = Kk —siny/r, (17)
Osk = K1, (18)
12c cos? (1 3k1h
Osk1 = i ( )— o
k1 (ry tan(y) + 1)

19
: (19)
Here we have used the following geometric transfor-

mation 9, = 9,28 = ‘3(3 e The boundary conditions at

E CO:
r = 0 read:

r(s=0) = 0, (20)
h(s=0) = ho, (21)
$(0) = 0, (22)
k(0) = ko, (23)
0sk(0) = 0. (24)
The boundary conditions at s = S;,4, Which corre-

sponds to the equator read:
(8 = Smaz) = R, (25)
hSmaz) = 1/2 (26)
V(Smaz) = 7/2 (27)
O0sk(Smaz) = 0 (28)



There are two free parameters k, and $;,4, which need
to be adjusted in order to satisfy the boundary conditions
defined in Eqgs. (27) and (28). These equations can be
solved using a standard shooting method. As shown in
Fig. 7 we represent the shape of the drop for different
values of the hg, we find that there exists a critical radius

h

d=1mm
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FIG. 7: Profile of a drop obtained by numerical resolutions of
Eqgs. (15-19) for 6 different values o the parameters ho. Top
ho = 0.00lmm, bottom ho = 0.5mm. The horizontal axis is r,
the vertical axis is the z axis. The vertical distance d between
the two plates is 1 mm. The bottom curve represent the the
curve for which R = R..

R, beyond which a simply connected drop cannot exist
as shown for example on the bottom profile displayed or
Fig. 7. Even though the direct measurement of vertica
profile of the droplet are not possible, we have estimatec
the value of the vapor layer h by proceeding in the fol-
lowing manner. Using the relation obtained in Eq. 5 we
can estimate the value of A by a measurement of R. Here
the value for the pre-factor in Eq. 5 is deducted from the
experimental measurement of the constant C, the pre-
factor in Eq. 10 is estimated using a best-fit adjustment
of the results shown on Fig. 3. Finally we display on Fig
8 the value of hy and h,, obtained by numerical simula-
tion of Eq. (15-19) as a function of R for two values o
the spacing d. We superpose on these curves the value of
the thickness h estimated above. As expected the values
of h ranges between hyccr, and hg.

Hole nucleation

The numerical resolution of the droplet profile as
shown in the above section reveals that no solution shoulc
exist beyond a critical drop radius R.. This statement
is thus tested experimentally: we first inject a primary
drop in our system that is grown continuously by coales-
cence with smaller drops. We find that at some point a
hole nucleates and grows inside the drops (Fig. 5). The
hole grows until it reaches the drop edges. This leads to
the destruction of the drop into several fragments that
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FIG. 8: Numerical simulation of Egs. (15-19). We plot h¢ and
hy, (full lines respectively top and bottom) as a function of R.
The red curve is for d = 0.3 mm, the black is for d = 2mm.
The dashed-lines represent the scaling h RY/? predicted
by Eq. (5) using the data deduced from the experimental
measurement of the constant C. The prefactor in Eq. 10 are
estimated using a best-fit adjustment of the results show on
Fig. 3.
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FIG. 9: Critical radius R. versus the spacing d. Each point
corresponds to one experiment. The red line holds for the
numerical prediction using Eqgs. (15-19)

are ejected radially. The critical radius R, exhibits some
dispersion, but a clear trend can be observed as a func-
tion of the spacing d (Fig. 9). The comparison with the
model is rather satisfactory given that there is no free
parameter. The agreement is even very good for smaller



spacing. For larger spacing we might expect some dis-
crepancies since gravitational effects could play a role as
the spacing becomes comparable to the capillary length

le =+/0/pg

OSCILLATION MODES

In our experiment, the drops were found to have radial
oscillations mode for most of the values of the parameters
such as the radius R and the spacing between the two
plates d. Theses oscillations can be described by star-
shaped contour modes with frequencies ranging between
10 and 400 Hz. The modes are thus parametrized by a
integer m, namely the azimuthal mode number, which
measures the number of spikes along the contour of the
drop as shown on Fig. 10. As shown for example on Fig.
11, we display the evolution of the droplet for the m = 3
mode during a half-period, this oscillation is typical of a
standing wave pattern.

1 mm
o

m=1 m=2 =

mtﬁ

m=4

FIG. 10: Top views of the droplets. Examples of different
oscillation modes. Here m holds for the number of spikes of

the drop, d = lmm and the horizontal scale is shown by the
black bar.

During a typical experiment in which drops slowly
evaporate, we observe that the azimuthal number m
has tendency to decrease with time as the drop size
decreases. However, there seems to be no stringent
dynamics for the time evolution of the azimuthal mode
number and in particular a wide range of frequency
transitions occurs during the life of a droplet. Fur-
thermore there seems to be no direct link between the
azimuthal number m and the droplet radius except for
this decreasing tendency. The value of the mode number
displays strong stochasticity probably induced by the
non-linear coupling between oscillations modes and by
the inherent thermal fluctuations which are expected at
liquid-vapor interfaces just below the boiling transition.

FIG. 11: Top view of a single drolet. Time evolution of the
m = 3 mode for a half-period. Here d = 1 mm, R = 1 mm
and T = 0.009 s.

We plot on Fig. 12 the frequency measurements with
respect to the radius R for different values of m. They
reveal a clear trend well approximated by a power law
as explained below. Let us first focus for example on the
mode m = 3 which was observed over the larger range of
frequencies and for several values of the spacing d. We
did not notice any effect of the spacing so that we per-
formed a power law interpolation over all its data. This
leads to f(Hz)= (12 £ 1) x 107*R(mm)~ 173, Even
though other modes m do not span as much frequencies
as the mode m = 3 does, their trends are also compatible
with a scaling of R=3/2. Such an exponent is therefore
reminiscent of the Rayleigh spectrum for capillary wave
on spherical drops [16] or two dimensional discs [18]
for which the frequency also scales likes R=3/2 . 1In
order to go deeper in this analysis we have plotted on
Fig. 13 the dimensionless frequency f/fo of the contour

modes as a function of m, where fy, = QL . is the

=\ o1
typical frequency scale. The comparisons between the
experimental points and the theoretical results shown
on Figure 13 seem to validate the capillary origin of
these surface waves. The small discrepancy emphasized
by the slight overestimate of the theory may origin from
several facts such as the complexity of the Leidenfrost
effect which involves vapor flow around the droplet, the
possible coupling between the gas dynamics and the
fluids at the surface and the particular geometry of a



droplet in a Hele-Shaw cell.
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FIG. 12: Oscillation frequency f versus the drop radius R
in meters. Several modes are represented. Each of them is
fitted by a power law with an exponent -3/2 (solid lines).
Experiments are performed for d = 1mm, excepted for m = 3,
where data of d = 0.5 and 0.3 mm are also plotted.

The comparison of our experimental results with the
regular 3D Leidenfrost effect is enlightening. In refer-
ences [20], it has been reported that star-like drop shapes
can be observed when the droplet is trapped and forced
to remain at the same place either by the use of a concave
substrate or by the presence of pinning objects such as
impurities. Further star-like shapes have also been ob-
served when nitrogen drops are deposited over a viscous
liquid at room temperature [14]. In this case, the oscil-
lations seem to be coupled to the internal flow inside the
drop. More generally the spontaneous oscillation of drop
or liquid puddles seems to be more general and has also
been observed in other levitated systems without Leiden-
frost effect as shown in reference [19]. In this previous
work, a liquid droplet or puddle is levitated over an air
cushion which generates a quasi-laminar flow and star-
like oscillations are observed [19].

It is noteworthy to mention that in all theses systems
(Leidenfrost drops 3d and 2d and levitated air-cushion
drop) the relevant frequency of oscillations displays a
R~3/2 tendency which is a characteristic of Rayleigh cap-
illary wave dispersion relation [14, 15]. Here again as for
our results (Fig. 13) the measured frequencies seem to be
slightly overestimated by the simple capillary wave mod-
els [14, 15]. This fine difference has not been explained
yet to our knowledge and requires as we mention above
a mode analysis with the particular geometry.

We also have noticed experimentally (see movie in the
supplementary materials) that contour modes seem to be

¢} 2 4 6 8 10 12

FIG. 13: Dimensionless oscillation frequency f/fo vs the
mode number m. All experiments are plotted (d = 0.3,
0.5, 1 and 2 mm). For comparison we plot the models
of an inviscid 3D spherical drop of the same radius [16]

(f*P/fo = +/(m —1)m(m +2), dashed-dotted line) and

for a perfectly homogeneous and discoidal 2D puddle [18]

(f?P/fo = /m(m?2 — 1), solid line).

associated with thickness waves in the confined dimen-
sion. This could emphasize the occurrence of non-linear
coupling between thickness waves and contour waves.
Therefore, not only the dispersion relation of the wave
shows a small discrepancy as shown in Fig. 13 with the
simple models (Rayleigh capilary waves in 2d or 3d) but
the origin of the instability leading to star-like droplet
still remains unsolved and is of current investigation. For
example, the origin of the instability of Leidenfrost pud-
dles in non-confined geometry is still a matter of debate
as discussed in reference [19]. It was proposed that oscil-
lations originate from thermal-convection inside the drop
[20], but observations in athermal systems show that a
purely hydrodynamical instability [19] is the most prob-
able scenario. In the case of air-flow levitated droplet,
numerical experiments have been performed and have
revealed a possible scenario for the origin of the insta-
bility [15]. In this latter, the hydrodynamical flow inside
the drop and inside the sustaining air layer [15] is nu-
merically investigated and compared to experiments. In
both cases, the experiments and numerical simulations
exhibit a critical airflow velocity inside the lubricating
layer above which the drop begins to oscillate. A mecha-
nism has been postulated where the occurrence of a pri-
mary instability (appearance of axi-symetric breathing
modes) triggers parametrically a second instability and
the appearance of the non-axisymetric contours modes
observed experimentally [15]. For millimeter-sized drops,
it was found experimentally that this instability appears
for airflow velocities higher than ~ 0.1 m/s . For com-
parison this value is significantly lower than the airflow
values inferred from the evaporation rate in our Leiden-
frost Hele-Shaw cell. This could support the hypothesis



of purely hydrodynamical instability in our experiments
as well.

CONCLUSION

We have investigated the behavior of 2d-Leidenfrost
droplet in a Hele-Shaw cell. This investigation has re-
vealed a rich behavior of phenomena such has droplet
levitation below and above a vapor layer, and the ap-
pearance of critical transition from discoidal droplet to
torus like droplet. This topological transition occurs due
to the thinning of liquid at the center of the droplet. We
have characterized experimentally these phenomena and
we have presented a theoretical model and a numerical
study based on the lubrication approximation which cor-
roborate these experimental facts. We are currently in-
vestigating the dynamics of the hole expansion. We also
report observations of large amplitude star-like undula-
tion comnsisting of azimuthal oscillating capillary waves.
The frequency of oscillations are measured and are found
to be close to the frequency of Rayleigh capillary wave of
droplets. Finally, we have discussed possible mechanisms
which are at the origin of this instability.
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APPENDIX A

For the sake of clarity, we derive here Eq. (11). Let us
recall that the temperature in the vapor layer is given by

TTP(1W>+TbW' (29)

The horizontal velocity components u and v read using
the lubrication approach:

w= 2ET @) g =
2n

Integrating the incompressibility relation:
Ozu+ Oyv+ 0, w=0,

between z = 0 where w = 0 and z = h(x,y) we obtain
using Eq. (1),

h3 kAT
Vs <EV2P> + Wy 0, (30)

where k = A\/(p,L) and Vi = e,0, + €,0,. In cylin-
drical coordinates, Eq. (30) reads :

rh3 rnrAT
O ( 15 arp> + ) 0 (31)

and is exactly similar to Eq. (11).
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