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Summary

For more than ten years, the Leidenfrost effect has focused the attention of
many physicists with an interest in drops. It appeared that the drops in the
Leidenfrost state are convenient to manipulate fluids and particles, and are a
good example of the ability of drops to be used as micro-reactors. However,
many things are still to be understood, especially when the drops are pushed
towards their limits. For instance, the Leidenfrost Point, i.e. the temperature
above which the drops can experience this effect on a given substrate, still
lacks of understanding. In this thesis, through five different experiments, we
point out some of the ingredients that are crucial to understand why the the-
ory and experiments usually do not match regarding this problem, and how
interesting properties emerge when the drops are settled in specific conditions.

In the first experiment, the drops are studied under hypergravity con-
ditions. This experiment shows well how the hypergravity can be used to
suppress the regimes dominated by capillary effects in the physics of drops.
Moreover, we show that the Leidenfrost Point increases with the gravity. This
increase is explained via the observation that the minimal thickness of the
vapor film is decreasing with the gravity.

In the second experiment, we demonstrate that it possible to make drops
levitate on a heated liquid pool as soon as its temperature is larger than the
boiling point of the liquid of the drop. This fact that had never been observed
on any other substrate is expected to originate from the absence of roughness
of liquid substrates. However, it appears that making Leidenfrost drops on
highly viscous substrates at the temperatures considered is impossible. The
velocity fields of the liquid of the pool are analyzed, and we conclude that
the mechanism for this suppression of the Leidenfrost effect does not find its
origin in the large toroidal vortex that appears under the drop.
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In the third experiment, we show that Leidenfrost drops on an oscillating
substrate can exhibit classical features of the bouncing objects, such as phase
locking, bifurcations and transition to chaos. Drops are observed to have a
contact time that does not depend on the parameters of the oscillation of the
substrate and that is the same as the one on a static substrate. This induces
that when the substrate oscillates too fast, the drop can undergo a transition
towards a bouncing mode where it bounces once every two oscillations of the
substrate.

In the fourth experiment, we show that the way drops are deposited on a
hot liquid pool, i.e. the velocity at the moment of the impact, is of tremendous
importance to determine how the drop will behave. We observed four different
regimes by increasing this impact velocity. At very low impact velocity, the
drop deforms the substrate, and then bounces without any contact with the
surface. At the end of this process, the drop ends in the Leidenfrost state
described in the second experiment. For slightly larger impact velocities, the
drop may cross the interface and form a thermal antibubble, i.e. a drop inside
a shell of its own vapor, inside the liquid pool. At even larger velocities, the
release of the antibubble disrupts the vapor film around the drop, leading to
a sudden evaporation. At the larger impact velocities investigated, the drop
does not create any vapor film and directly touches the substrate.

Finally, in the last experiment, we show that microbeads can be organized
in Leidenfrost drops and lead to the formation of monolayers at their surface.
We also show that these beads tend to reduce the evaporation when they
are located at the surface of the drop, by reducing the surface available for
evaporation. This decrease of the surface of evaporation is linked to the contact
angle between the liquid of the drop and the surface of the microbeads, and
to the surface packing fraction of the beads.



Résumé

Depuis plus de dix ans, leffet Leidenfrost a focalisé lattention dun grand nom-
bre de physiciens intéressés par la physique des gouttes. Ces gouttes sont ap-
parues comme un moyen pratique pour manipuler fluides et particules. Elles
ont prouvé leur capacité a servir de micro-réacteurs. Cependant, de nombreux
aspects de ce phénomene sont toujours mal compris, en particulier lorsque ces
gouttes sont poussées a leurs limites. Par exemple, lorigine de la température
de Leidenfrost, cest-a-dire la température a partir de laquelle une goutte est en
état de Leidenfrost sur un substrat donné, est toujours sujette a débat. Dans
cette these, a travers cing expériences, nous étudions différents ingrédients cru-
ciaux pour une meilleure compréhension de cette limite, et de quelle maniere
dintéressantes propriétés des gouttes en Leidenfrost apparaissent lorsquelles
sont placées dans des conditions spécifiques.

Dans la premiere expérience, nos gouttes sont étudiées en hypergravité.
Nous montrons a quel point les conditions dhypergravité peuvent étre intéressantes
pour supprimer les régimes capillaires en physique des gouttes. De plus, nous
montrons que la température de Leidenfrost augmente lorsque la gravité aug-
mente. Cette augmentation est imputée au fait que lépaisseur minimale du
film de vapeur sous la goutte diminue lorsque la gravité augmente.

Dans la seconde expérience, nous démontrons quil est possible de faire
léviter des gouttes sur un bain liquide chauffé des que sa température est
supérieure a la température débullition du liquide de la goutte. Ce fait na
jamais été observé sur des substrats solides et semble provenir de labsence de
rugosité des substrats liquides. Cependant, déposer des gouttes en Leidenfrost
sur des substrats liquides tres visqueux semble impossibles aux températures
de substrat considérées. Les champs de vitesse dans les bains sous la goutte
sont étudiés, et nous concluons que le mécanisme de cette suppression de leffet
Leidenfrost ne provient pas du vortex toroidal apparaissant sous la goutte.
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Dans la troisieme expérience, nous montrons que le comportement de
gouttes en Leidenfrost sur un substrat oscillé verticalement possede des car-
actéristiques classiques des objets solides sur de tels substrats, comme le ver-
rouillage de phase, les bifurcations, et les transitions vers le chaos. Les gouttes
en Leidenfrost ont un temps de contact qui ne dépend pas des parametres de
loscillation du substrat, et qui est le méme que celui sur des substrats sta-
tiques. Cela implique que lors doscillations trop rapides, la goutte transite
vers un mode de rebond ou elle rebondit une fois toutes les deux oscillations
du substrat.

Dans la quatrieme expérience, nous montrons que la facon de déposer des
gouttes sur des bains liquides chauffés, cest-a-dire la vitesse dimpact, a une
importance capitale pour déterminer le comportement de la goutte. Nous
avons observé quatre régimes différents en augmentant la vitesse dimpact. A
basse vitesse dimpact, la goutte déforme le substrat, rebondit, puis se stabilise
en état de Leidenfrost. Pour des vitesses légerement supérieures, la goutte
peut déformer suffisamment linterface et étre libérée dans le bain pour former
une antibulle thermique, cest-a-dire une goutte dans une couche de sa propre
vapeur, & lintérieur du bain liquide. A des vitesses encore un peu supérieures,
la libération de lantibulle provoque la rupture du film de vapeur, menant a la
perte de létat de Leidenfrost. Aux plus grandes vitesses dimpact explorées, la
goutte ne crée pas de film de vapeur suffisamment vite, et touche directement
le substrat.

Enfin, dans la derniére expérience, nous montrons que des micro-billes
peuvent étre organisées par les gouttes en Leidenfrost et mener & la création
de mono-couches de ces micro-billes a leur surface. Nous avons aussi montré
que la présence de ces billes a la surface de la goutte tend & diminuer son
évaporation en réduisant la surface dévaporation de la goutte. Cette diminu-
tion est liée & la maniere de sorganiser des micro-billes a la surface, et a langle
de contact du liquide de la goutte avec la surface des billes.



Il est permis d’espérer que I’état sphéroidal, qui com-
prend la nature entiére, depuis les plus grands corps
célestes jusqu’aux infiniment petits des corps organisés,
sera tot ou tard I'objet de ’attention universelle.

Boutigny P. H.

Introduction

I.1 A story of drops

As any work in the field of the physics of fluids, this thesis may begin in a sea.
Its characteristic size would be 10° m. But that is quite large for the lab. Let
us take it smaller...

As any work in the field of the physics of fluids, it may begin with a
molecule of fluid. Its characteristic size would be 107 m. But that is quite
small for my eyes... Let us then take it bigger...

A drop is quantity of liquid that may be described as an amount of liquid
that is not too big, and not too small. Usually, the size of water drops as
we imagine them is of the order of 1072 m. The reason why this scale is so
special is that this scale is precisely the one where objects made of fluids are
on the edge of the transition between large size objects like seas, that are
dominated by gravitationnal forces, and small size objects, where molecular
forces (grouped under the name of capillary forces) dominate. A dimensionless
number is particularly adapted to determine what are the dominant forces
applying on a liquid object in a surrounding fluid : the Bond number, Bo.

Ap g L?
v

Bo = (I.1)
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In this number, Ap is the difference of densities between the densest and
the less dense of both fluids, g is the acceleration of the gravity, L is the
characteristic length of our object, and ~ is the surface tension associated to
both fluids. From this number, we can build a significant length, the capillary

length
~
be = /—— . 1.2
vy (1.2)

When the size of our system is larger than the capillary length, the gravi-
tationnal forces dominate and the liquid volume tends to adapt to the shape of
the container. When the surface tension forces dominate, the liquid tends to
stay in a spherical shape. For water in air at 20°C, this length is equal to 3 mm.

From this property to be at the limit between two regimes, many interest-
ing features arise. In this thesis, we will work with drops slightly smaller, as
well as slightly larger than the capillary length.

| — .

Figure 1.1: Photography of a drop on a glass slide. The scale bar represent 1 mm.

When they are deposited on a flat solid isotropic substrate, in most case,
we can observe that small drops enter in contact with the substrate, spread
quite a bit on it, then stabilize (at least when the drop does not evaporate). At
that moment, its shape is a sherical cap, and the line at the frontier between
the two fluids and the solid is circular, and is called the contact line. By
looking at the drop from the side, we can easily define the contact angle ©,
the angle between the plane of the substrate and the tangent to the surface
of the drop at the contact line (see Fig. [l.1)). For example, in that case, the
contact angle of the water drop in this picture is 53°. In some particular cases,
playing with the chemistry of the surfaces, contact angles can be above 90°.
These surfaces are called hydrophobic substrates. But it is even possible to go
quite close to 180°...
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1.1.1 A way to overcome contacts

Indeed, considering a small drop on lotus leaf, one can see that this drop
seems extremely mobile and has a spherical shape. Measuring the contact an-
gle gives a value around 160°. This kind of contact angles cannot be achieved
by simply playing with the chemistry of surfaces. The trick to get this excep-
tionnal behavior is to play on the roughness of the substrate in addition to
the chemistry of the interface. The characteristic of these surfaces is to have
microstructures on them, and in some case, multiscale structures. The advan-
tage of this roughness is that the liquid does not penetrate in the roughnesses
like in the so-called Wenzel state |1 (see Fig.[[.2|(a)), but rather stays on the
top of the structures touching only a small area of it. This is the Cassie state

(sce Fig. [2(b)) [2.

(a) (b)

Figure I.2: Schematic representation of (a) the Wenzel state and (b) the Cassie state.

A photography of a drop on a commercial superhydrophobic substrate is
shown in Fig. [.3|(a). The contact angle in that case is © = 153°. This state
of the drops over a substrate presents numerous advantages.

The first one is the fact that these drops are almost contactless. Because
the drops touch only the top of the structures, they are mostly lying on air, and
so the friction they experience is extremely low. That is exactly the reason why
drops are so mobile on a lotus leaf . From a more general point of view,
the uses of superhydrophobicity are countless in the vegetal world, because
the self-cleaning property that is associated with the absence of adhesion is
crucial to avoid stagnant water and the development of diseases that goes
with it . From the point of view of engineers, the mobility and the quasi-
absence of adhesion are key properties that make the manipulation of drops
really convenient. Associated to specific microtextures (conic micropillars),
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superhydrophobic substrates also feature anti-fogging properties [5].

(a) (b)

Figure 1.3: Photography of (a) a drop on a commercial superhydrophobic substrate,
and (b) a liqguid marble made of a water drop coated by lycopodium powder. The scale
bar represent 1 mm.

1.1.2 Superhydrophobicity in a nutshell

The hydrophobicity can also induce a secondary kind of superhydrophobicity.
If an hydrophobic microparticle comes into contact with a drop made of water,
this particle naturally sticks to the surface of the drop, being more emerged
than immersed. Eventually, when you put a drop on an hydrophobic powder,
the drop stands on the grains quite like it would do on a superhydrophobic
substrate. Then, you can easily put this drop into movement because of the
small contact area. And if you do so, the microparticles stick to the surface
and coat the drop. The object created, a drop wrapped with hydrophobic
particles, is called a liquid marble [6]. A photography of such object is shown
in Fig. [I.3(b). In that case, the drop of water is coated by lycopodium powder
(dry spores of lycopodium plants). The size of the grains is approximately
33um, and the object sits on a glass slide. The apparent contact angle is
O = 144°.

This object present some common features with simple drops on superhy-
drophobic substrates. Especially, they experience a low friction. This friction
can be very different when the drop is large and flattened or small and spher-
ical [7].

1.2 Levitating drops

As interesting as these latter phenomenons can be, they still lack a real ab-
sence of contacts. However, several ways exist to help a drop levitate above
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a substrate. One could mention the levitation of molten metals using elec-
tromagnetic fields [8], the levitation induced by acoustic waves [9], or the
levitation over vibrated liquid pools [10]. However, the way we focus on in
this thesis is the way of Boerhaave [11], and later, Leidenfrost [12] who gave
his name to the phenomenon : the Leidenfrost effect. One century after its
discovery, Boutigny, a french pharmacist wrote about this phenomenon the
sentence of the prelude to this first chapter [13]. A literal translation could be
the following.

One is allowed to hope that, sooner or later, the spheroidal statcﬂ
which embraces the Nature in its entirety, from the largest celestial
bodies to the infinitely small organized bodies, will be the center of
the universal attention.

To understand what is the Leidenfrost effect, imagine that you are a huge
meat lover. So, you want to cook a steak, and cook it well. Then, you
remember the precious advices of your grandmother.

Before you put your steak in your pan, do not forget to sprinkle
a few drops of water in your pan. If they disappear immediately,
wait. If they keep a spherical shape and they seem to roll on your
pan, you are good.

Your grandmother had understood more than she knew about the Leidenfrost
effect. In that example, the drop almost reaches the pan before experiencing
a rapid increase of its evaporation. Under the drop, a vapor film is generated
and has to escape to let the drop touch the substrate. An equilibrium can
appear between the feeding of this vapor film and its drainage. This leads to a
drop sitting on a bed of its own vapor. That vapor layer reduces considerably
the heat transfer between the pan and the drop compared to the case of a
drop touching the substrate. The drop evaporate relatively slowly because of
the insulating layer of vapor, and the mobility of the drop is extremely high
because of the absence of any contact. A picture of a Leidenfrost drop levi-
tating above an aluminium substrate is shown in Fig. [.4]

This effect has finally gather a lot of attention for more than ten years,
almost as expected by Boutigny. Many studies have been done and may be
classified in three kinds whether they are related to (i) the apparition of the
Leidenfrost effect, (ii) the mobility and motion of the drops, and (iii) the ap-
plications in terms of manipulation, fabrication and deposition assisted by the

!This is the name that Boutigny gave to the state of drops experiencing the Leidenfrost
effect.
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Figure 1.4: Photography of a Leidenfrost water drop on an aluminium substrate. The
scale bar represent 4 mm.

Leidenfrost effect.

Well before the renewal of interest in the last decade, the studies on the
Leidenfrost effect were concentrated on a single problem that leads us to define
one of the most important concept of this thesis. In the grandmother parabola,
there is key ingredient : if the drop is not in the Leidenfrost state, one has to
wait. One has to wait for the pan to be more heated. The Leidenfrost effect
appears when the substrate is hot enough. This means that there is a thresh-
old temperature above which the effect appears : this temperature is called
the Leidenfrost Point. In Fig. the lifetime of water drops deposited over
a substrate is represented as a function of the temperature of this substrate.
The lifetime decreases as the temperature increases until ~ 120°C. Then, the
lifetime suddenly increases around 150°C. This increase is the signature of the
apparition of the Leidenfrost effect. In the following, we note the Leidenfrost
Point T7,.

Until the begining of the 215 century, most of the studies were focused on
the determination of this temperature. As explained in the review of Bernardin
and Mudawar, most of these studies end with empirical laws, and no theory
focused on the description of the shape of the drop [15].

Since then, lots of papers focused on the theoretical prediction of shape of
the Leidenfrost drops [16H19], and on the experimental determination of this
shape [14} 20]. It appears that the understanding of these shapes, and of the
mechanism of evaporation of these drops (that relies on the shape), is manda-
tory to understand what sets the Leidenfrost Point. Nowadays, the idea has
emerged that this threshold temperature may be less relevant than a threshold
thickness of the vapor layer. The roughness of the substrate |21} [22] and the
thermal conductivity of the substrate [23] influence the threshold temperature
in a dramatic way. Even the static shapes that are now well known may not be
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Figure 1.5: Lifetime of drops deposited on a substrate as a function of the temperature
of this substrate. The lifetime decreases while the temperature increases above the
boiling temperature until this lifetime suddenly increases. This is the signature of the
apparition of the Leidenfrost effect. Taken from Ref. [14)].

sufficient to understand the mechanisms that set the Leidenfrost Point, as the
fluctuation of the thickness of the vapor film probably also play a role 20, |24].

The second large interest in the Leidenfrost drops lies in their high mo-
bility. This has been studied extensively in the thesis of Pascal Raux and
the influence of the size of the drops compared to the capillary length on the
friction has been shown [3]. But the interest in the mobility does not stop
at the study of the friction. Indeed, Linke et al. showed that these drops
propel themselves spontaneously when they are put on substrates with asy-
metric shapes like sawtooth waves [25]. A few theories have been developed to
explain this selfpropulsion. All of them relie on the rectification of the vapour
flow inside the grooves of the substrates. The most satisfying ones, for which
theory and experiments are in agreement, showed that this vapour induces a
viscous entrainment by escaping the grooves. That viscous entrainment pushes
the drops down the low slopes [26, 27]. Note that this effect is not limited
to Leidenfrost drops but also applies for Leidenfrost solids, i.e. solids that
sublimate enough to maintain a vapor film when they are deposited over a hot
substrate [26], and also on other kinds of asymetric substrates such as ones
with herringbone patterns engraved on them [28].

Finally, the third large interest lies in the ability of these drops to con-
sistute reactors for the manipulation of particles from large size structures to
molecules without any contact with a solid. On the one hand, these drops
can support heavy loaded carts [29]. These carts can even move thanks to
the self-propulsion on asymetric substrates. On the other hand, molecules
in Leidenfrost drops can undergo chemical reactions and these reactions can
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even be facilitated by the Leidenfrost effect [30]. In between these extremes,
nanoparticles have been succesfully manipulated in Leidenfrost drops. They
can be deposited on substrates |31] or be assembled [32]. Specific types of
nanoparticles also form compact shells during the evaporation of the drops [33].
Even molecules can form compact shells, such as surfactants, leading to ex-
plosions [34].

In the following of the thesis, we will need a model for the shape and
evaporation of Leidenfrost drops. More than a single model, we will use two
different ones. To end this chapter, we introduce both models and explain
their respective advantages and limitations.

1.2.1 The analytical model

A
v
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Figure 1.6: Schematic view of a Leidenfrost drop larger than the capillary length
l.. The inset is a zoom on the vapor film where the vertical arrows represent the
evaporation flux and the horizontal lines represent the Poiseuille flow.

In this first model, called Biance’s model in the following [14], drops larger
and smaller than the capillary length are considered, but as we will only use
this model to describe large drops further, we stick to this part of the model.
The large and axysymetric drops that we consider can be thought as a cylinder
of height 2/, and radius R. A schematic view of such drop is shown in Fig.
The thickness of the vapor film is assumed to be uniform in a so-called “contact
region”, and is noted h. Burton et al. [20] showed that this thickness is not
uniform and that a pocket of vapor is always present under Leidenfrost drops.
However, this approximation gives good results. The contact region is defined
as S, = mR?. The heat transfer through the vapor film, over this contact
region, is assumed to be a conductive process. The loss of mass of the drop m
through time on a substrate at temperature 7Ts can thus be expressed by
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=7 Se (1.3)
where A, is the thermal conductivity of the vapor, £ is the latent heat of evap-
oration of the liquid of the drop, and AT is the superheat, which we define
as the difference between the temperature of the substrate Ts and the boil-
ing temperature of the drop Tg,¢. This means that the drop is at the boiling
temperature, at least locally, at the bottom of the drop, which is a common
assumption in the field of the Leidenfrost effect.

The produced vapor has to escape the vapor film. The drop above the
film induces an excess of pressure that drives a Poiseuille flow in the film. As
the thickness of the vapor film is assumed to be uniform, and as the size of
the contact region (~ 1 — 10 mm) is large in comparison with the thickness of
the vapor film (~ 10—100 pm), the lubrication approximation can be used to
describe the flow. Thus, the loss of mass of the vapor film can be expressed
by

= — TP s A p (L.4)

3 My

where p, is the density of the vapor, 1, its dynamic viscosity, and AP is
the excess of pressure imposed by the drop. In the case of large drops, the
excess of pressure is dominated by the hydrostatic pressure AP = pgg2f., 20,
being the height of a large Leidenfrost drop and pg the density of the drop.
Moreover, when the size of the drop is larger than the capillary length, the
radius of the contact region is close to the radius of the drop R. Thus, by
combining Eq. and Eq. , one obtains an expression for the thickness
of the vapor film

3homy AT N\ 1/2
=(2 0 . I.
" (4 Po ﬁpdg€c> i 1.5)

Introducing this thickness in Eq. ([.3)), and considering that the volume of

a large drop is related to its radius by the relation R = \/V/27/l,, one finds
that

1/4 3/4
y T pPv g Ay AT 3/4 3/4
_ = —A . I.
v <6mf?;> <pd£) v v (1.6)

The resolution of this differential equation gives

V(t) =V <1 - t>4 (1.7)

Tg
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with Vp being the initial volume of the large drop, and 74 its characteristic
lifetime. This characteristic lifetime can be expressed as

Tg=4 —— . (1.8)

Of course, the assumption that large drops are cylinders of height 2¢. and
radius R is a strong assumption, and of course, the drop also evaporates by its
top side even though this top side is not as close to the substrate as the bottom
side. However, we will see later that this model is a very good tool to explain
experiments, beginning with the basic experiment of a drop evaporating on a
flat substrate, described in the paper of the model [14].

1.2.2 The numerical model

However, the bottom of a Leidenfrost drop is never flat as observed by Bur-
ton et al. [20]. Instead, a pocket of vapor forms at its center. Thus, the
vapor film has a high thickness at its center and a small thickness at a ra-
dial coordinate that we call the neck. Moreover, the top of a drop is not flat
either even though this top side gets flatter when the size of the drop increases.

To overcome these limitations, our collaborators in Université Libre de
Bruxelles built a new model that describes accurately the shape of the drop
and of the vapor film [19]. The improvements brought by this model are nec-
essary to understand some key effects and establish a base for a model that is
developed later. In this model, an axisymetric drop is still supposed to levitate
over a flat substrate.

The idea behind the description of shape of the drop is to divide this shape
into two different parts : the outer drop region and the vapor layer region. This
is illustrated in Fig. The interface of the outer drop region, z(r), is the
same as the shape of a drop on a superhydrophobic substrate : the hydrostatic
pressure pqg(2top — 2) balances the capillary pressure y4x with & the curvature
of the interface of the drop. In a dimensionless form, where lenghts are made
dimensionless with the capillary length of the liquid of the drop, one obtains

7o+ (Frop — 2) = Ftop (1.9)

where Rop is the dimensionless curvature at the top of the drop and is used
as a free parameter controlling the size of the drop. This solution is assumed
to be valid up to a patching point between the intersection with the substrate
and the radius of the drop R. Past this patching point, the effect of the vapor
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Figure 1.7: Schematic view of a Leidenfrost drop. The drop is divided in two different
regions, and the vapor film has a non-uniform thickness h(r). Taken from Ref. [@/

flow needs to be accounted for : this is the vapor layer region.

In the vapor layer region, we can express the excess of pressure in the
vapor film as the sum of the hydro-static pressure and the capillary pressure
P, = — (pagh + k), up to a constant. This excess of pressure drives a Stokes
flow with a volumetric flux

gy =-—VP, . (1.10)

As previously said, in the Leidenfrost effect, there is a quasi-equilibrium
between the drainage of the vapor and the production of vapor. That is the
cause of the levitation. The production of vapor is assumed to be only driven
by a conductive heat transfer into the vapor film, similarly as in Biance’s
model, thus given by

v
== —. I.11
J L h (L.11)
Using the incompressibility of vapor, the conservation of the vapor mass
and the lubrication approximation, we get V - @, — J/p, = 0. Combining this
equation with Eq. (I.10) and Eq. (I.11)), and using the capillary length to make

every length dimensionless, one obtains

(fif’ (ﬁ + n)) -

1
12

S O,y

=0 (L.12)

<=
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with € being called the evaporation number. The evaporation number encom-
passes all the physical parameters of our problem, and is given by

g ot (Pig N (1.13)
RN ’ ‘

This model gives a much better description of the situation than Biance’s
model. The biggest advantage is maybe the accurate description of the shape
of the vapor layer. However, one cannot extract analytical results that can
be exploited easily. Moreover, the results of the numerical resolution of this
model concerning the evaporation of the drops are really close from those of
Biance’s model.

1.3 Outline

We saw in this introduction that three large categories of problems are un-
der investigation in the world of the Leidenfrost effect. In this thesis, we will
mostly be located in the first field : we improve the understanding of the
shapes, the evaporation of Leidenfrost drops, and their impact on the Leiden-
frost Point. However, walls between categories are made to be put down. In
dynamic situations where the movement of the drops is significant, as well
as in a typical situation of the micromanipulation by drops, the questions on
their shape, evaporation and the associated Leidenfrost Point subsist.

In the second chapter, we investigate a model situation where we can in-
troduce in a practical case the base elements of the Leidenfrost effect, one by
one : Leidenfrost drops in hypergravity. The hypergravity is set by studying
our drops in the Large Diameter Centrifuge, a device of the European Space
Agency. Through this experiment, we show that the hypergravity is a way
to decrease the significance of any capillary driven regime in the shapes and
evaporation. However, the main goal is much more ambitious : we show that
the Leidenfrost Point depends on the gravity level. Through that, we also
show that the Leidenfrost Point is linked to a threshold thickness of the vapor
layer.

In the third chapter, based on this observation that the thickness of the
vapor film is the key of the Leidenfrost Point, and on the prediction of Sobac’s
model that the Leidenfrost effect should exist as soon as the superheat is posi-
tive on perfectly smooth substrate, we investigate a promising system to lower
the Leidenfrost Point : a drop on a hot liquid substrate. And indeed, we see
that drops can experience the Leidenfrost effect for very small superheats. We
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also take the opportunity to investigate the shapes of the drops and the defor-
mation of the pool. To describe these shapes, we developped a model adapted
from Sobac’s model that is indeed developed in collaboration with Sobac and
our collaborators in Bruxelles. We finally see that not only the substrate has
an effect of the drop, but the drop also has an effect on the substrate that
goes much beyond its deformation : flows inside the pool are analysed using
a particle tracking technique.

In the fourth chapter, we finally make the drop move. We look at a vari-
ation of a situation that happens everytime a drop is deposited on a hot
substrate. The drop impact in a Leidenfrost situation is rather well known,
but repeated impacts offer some strange dynamics and interesting features.
We study the bouncing of drops on a vibrated hot substrate. This pushes
us on a road to non-linear physics and we observe classical features of this
kind of physics : bifurcations. Indeed, when the amplitude of the movement
of the substrate is increased, the bouncing of the drop goes through various
bouncing modes. Still, we show that some of the features of a single bounce
are conserved in the case of repeated bounces.

In the fifth chapter, we explore the dynamic version of the situation of
the third chapter. Indeed, the same questions that appear when a drop is
deposited on a solid substrate appear also on liquid substrate... And much
more ! We investigate the influence of the speed of the impact, the temper-
ature, and other key parameters on the impacts. The goal is to see if a drop
impacting a hot liquid substrate always lead to the situation of a Leidenfrost
drops, i.e. if the Leidenfrost Point varies with these parameters. However,
many different behaviors are observed and some links between many classical
studies about impacts and about Leidenfrost drops are made.

Finally, in the sixth chapter, we come to the last category of interests
that we described in the introduction, and walk on the line between fluids and
grains. We look at the organisation of microparticles in Leidenfrost drops. We
show that, based on the properties of the liquid and particles used, the way
the drop manipulates the particles may be very different. Especially, in some
particular situations, the particles can be highly organised at the surface of
the drops. These particles also have an impact on the shape, the evaporation
and can also supress the Leidenfrost effect... The basic considerations on the
Leidenfrost effect are never far away.
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Leidenfrost drops in hypergravity
Squeezing drops to death

II.1 Introduction

In the general introduction, we saw that the understanding of the Leidenfrost
phenomenon has to begin with the study of its shape and evaporation. Here,
we make typical measurements used in the field, apply them on a real model
experiment, and confront the results to the theories we have exposed in the
introduction.

To explore the limit between theories, one convenient way is to vary an
experimental condition that is thought to be immutable and see if the theory
still holds. And what a better immutable experimental factor than the accel-
eration of the gravity, g 7 Ways to change the immutable exist, and in the
present case, we choose to increase g [1]. We saw earlier that the acceleration
of the gravity is highly important in the Leidenfrost effect because of its in-
fluence on the capillary length that sets the maximal height of a drop, and
its influence on the evaporation as expressed by the evaporation number (see

Eq. (L13)).

How do we characterize the size of the drops, their evaporation 7 What is
the Leidenfrost Point in this situation, and what does it tells about the essence
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of the Leidenfrost drops 7

I11.2 Experimental details

The setup can be divided into three parts : the hypergravity device, the typical
Leidenfrost system and the acquisition and control system.

Spin it ! Contrary to microgravity, hypergravity is not human-compliant,
and it requires large devices to reach gravities higher than g. We used the
Large Diameter Centrifuge (LDC), located at the ESTEC center of the Euro-
pean Spatial Agency. A schematic illustration is presented in Fig. The
device is composed of a central trunk with a control box (used to transfer all
recordings to a control room) and four arms of approximately 4 m. At the end
of each arm, a gondola is suspended. These gondolas are free to move around
the axis perpendicular to the plane defined by the arm and the direction of
the acceleration of the gravity.

The whole device spins with a pulsation . The apparent acceleration of
the gravity inside the gondolas is then given by g* = g+ UJQRge_; where R, is
the distance between the point of interest inside the gondola and the center of
the centrifuge, and e, is the unit radial vector. Note that ¢g* is measured by
an accelerometer located in the gondola. We define here the reduced gravity
as I' = g*/g. The LDC can go from I = 1 to I" = 20.

(a)

Figure II.1: (a) Schematic representation of the Large Diameter Centrifuge used to
achieve apparent gravities g* higher than g. (b) Photography of the whole setup loaded
inside one of the gondolas of the LDC.
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Heat the drop ! In order to produce a Leidenfrost drop, we need a heated
substrate. In this situation, we chose an aluminium substrate with two car-
tridge heaters inside. A thermocouple measured the temperature at the sur-
face of the substrate and a PID controller regulated the current injected in
the heaters to reach the desired temperature with an uncertainty of ~ 1°C.
The PID controller is a program that analyse the signal coming from the ther-
mocouple, as well as its derivative and its integral, and act on the cartridge
heaters in order to reach smoothly the desired temperature 7.

To make drops, a syringe pump was used. The end of the pipe was located
~ 50 mm above the substrate. The volume injected for the main experiment
was 153 pL with around 5% of relative uncertainty. For each set of I" and T,
three drops were made.

Due to the high mobility of the Leidenfrost drops, a horizontal confine-
ment is needed to keep in an area where they can be observed. Initially, in
this project, an infrared camera was tracking the position of the drop, and its
position was sent to a retroaction loop that was guiding servo-motors to adjust
the inclination of the substrate to keep the drop in the center of the substrate.
However, even though the system worked well in earth gravity, problems oc-
cured in hypergravity. Thus, we kept the substrate horizontal and used the
good old confinement used in the field of the Leidenfrost effect : a metallic
ring on the substrate. This ring, being heated by the substrate, was almost at
the same temperature (tipically, less than 5°C below). So, drops that would
come into contact with the ring did not due to the Leidenfrost effect. The
ring had an internal diameter of 75 mm, much larger than the radius of drops
to avoid too much heating by the side of the drops, a height of 30 mm, larger
than the height of drops, and a thickness of 10 mm to prevent a local cooling
of the ring.

Acquire and control The acquisition system consisted in a USB camera
recording at 25 frame per second that was located above the substrate. A ther-
mocouple was connected to a DAQ. All the data were collected by a computer
in the central gondola that was remotely controlled from another room.

I1.3 Lifetimes : a basic concern

As the Leidenfrost is intrinsically a matter of evaporation, one of the most
useful measurement in the field of the Leidenfrost effect is the measurement
of this evaporation. This usually takes two different forms : on the one hand,
the study of the lifetime of the drops, i.e. the time between the deposition of
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the drops and their total evaporation, and on the other hand, the study of the
decrease of the volume or of the radius of the drops over the time.
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Figure I1.2: Mean lifetimes of three drops of initial volume Vo = 153 uL as a function
of the superheat AT for five different reduced gravities T' between 1 and 20. The lines
are fits of the data above AT = 140° C using Eq. @)

In Fig. we plot the mean lifetimes of three different drops as a func-
tion of the superheat AT for five different reduced gravities I' = 1, 5, 10, 15,
and 20. Let us first describe the data for I' = 1. The lifetime of a drop on a
substrate decreases when the temperature of the substrate T is increased until
a certain point (not shown here). At this point, the lifetime begins to increase
quite sharply (here above 100°C). Just below this sudden increase, the lifetime
is of the order of 1 s. Above ~ 125°C, the lifetime decreases again. In this last
part, the drops are in the Leidenfrost state during their whole evaporation,
and their lifetime is of the order of 100 s.

When the gravity is increased, two effects can clearly be noticed here.
First, at equal superheats, the lifetime always decreases. For the drops that
are in the Leidenfrost state, Eq. (I.8]) can be rewritten by replacing g by I'g as

1/4 3/4
=4 ( 017y > (pl‘c> 12y (IL1)

TTPug? M AT

We see that the characteristic lifetime of drops scales as 74 o AT—3/4,
Fits using this scaling law are indicated in Fig. [[I.2 by the continuous lines.
Only the data where the drops are clearly in the Leidenfrost state are used
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to make the fits. Note that for the data corresponding to I' = 1, the fit is
less accurate. This is due to the fact that we approximate the lifetime of
the drops with the characteristic lifetime of large drops. Indeed, as said at
the beginning of Sec. when the drops become smaller than the capil-
lary length, a new regime of evaporation takes place. However, the agreement
without taking into account this regime is really good for the data for higher
reduced gravities. This is due to the fact that the capillary length is much
smaller when the reduced gravity is increased. When I' = 1, /. equals 2.4
mm and when I' = 5, ¢, only equals 1.1 mm. Starting from the same vol-
ume, when I' = 5, the drops spend a much larger proportion of their lifetime
evaporating in the large drop regime than in the small drop regime, and the
approximation 7 = 74 becomes more and more valid for high reduced gravities.

The complementary way to look at the evaporation of the drops is to look at
the decrease of their radius. Indeed, the lifetime is an integrated measurement
of the evaporation, and thus, there is a loss of information. In Fig.
we report the evolution of the radius R of five drops at the same reduced
gravities as in Fig. The measurements were performed at AT = 200°C.
Two elements can clearly be noticed on this graph. First, the higher the
gravity, the faster is the decrease of the radii. Second, the higher the gravity,
the larger is the initial radius. This latter fact is simply the sign that we work
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Figure I1.3: Radius of drops R as a function of time t for the same five reduce gravities
at AT = 200°C. The continuous lines are fits using Eq. . The inset represents
the variation of the characteristic lifetimes obtained from the fits as a function of the
reduced gravity. The dashed line indicate a power law with an exponent —1/2.
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at a constant initial volume, and that for large drops, we still have the relation
R = /V/2ml.. Using this relation, we can transform Eq. 1’ into

2
R(t) = Ro (1 — t) (11.2)
Tg
where Ry is the initial radius of the drop. This relation is used to fit the data
of Fig. From the five fits, we extract the characteristic lifetime 7,. The
inset presents the variation of 7, with the reduced gravity I', showing that the
scaling 7, o ['~1/2 predicted by Eq. is in very good agreement with our
observations.

II.4 The Leidenfrost Point : the unsolved question

This experiment also shows another key characteristic of the Leidenfrost effect.
As we saw, the curve of the lifetime as a function of the superheat is quite
singular. In Sec. [[I.3] we focused on the drops that were in the Leidenfrost
regime, but the transition from the boiling regime to the Leidenfrost regime
is also interesting. The understanding of the temperature at which this tran-
sition occurs has been a subject of debate for many years, as pointed by the
work of Bernardin et al. [2], and the prediction of this threshold temperature
is still nowadays an unsolved question.

Actually, even the definition of the Leidenfrost Point (LFP), i.e. the
threshold temperature above which the effect takes place, is even not that
well settled. We can distinguish two main definitions. First, the dynamic
one : the Leidenfrost Point is the temperature above which no nucleate boil-
ing is observed when a drop is deposited on a substrate [3]. Second, the static
one : the Leidenfrost Point is the temperature corresponding to the local max-
imum in the curve of the lifetime as a function of the temperature [4]. These
two definitions should coincide. Indeed, when there is no nucleate boiling, the
heat transfer is only accomplished by conduction in a vapor film, and is then
lower than when there is nucleate boiling, leading to longer lifetimes. Practi-
cally, both definitions correspond to two different ways to measure the LFP.
In this experiment, we focus on the second one.

Thus, Fig. allows to determine the Leidenfrost Point for each reduced
gravity. In Fig. we report this evolution of T, as a function of I'. The data
indicate a slight increase as the reduced gravity increases. However, drawing
a quantitative conclusion on this matter is difficult. Indeed, the step of 5°C
between each of our experiments induces large uncertainties on the measure-
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ment of the LFP.
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Figure II1.4: The Leidenfrost Point T, as a function of the reduced gravity I.

However, a qualitative reasonning is possible and shows very well the limi-
tations of Biance’s model and the need for a more accurate model. Indeed, for
quite a few years now, the idea that the temperature is less the key parameter
than the thickness of the vapor layer has arisen [6]. If the vapor layer is too
thin, contacts may be induced with the substrate and suppress the Leiden-
frost effect. From Eq. , if we assume that the thickness when the drop
is deposited is the significant parameter (because the perturbations due to an
initial contact would induce more perturbations and more contacts), we can
deduce

1/4
b= <?MW)> (IL.3)

87 L pyy

where no dependence of the reduced gravity is involved. Thus, as the thick-
ness of the vapor film does not depend on the gravity level for a given volume,
this model does not seem to bring any insight on the increase of the threshold
temperature that we observe in Fig. As the model from Sobac et al. [5]
brings a complete description of the shape of the vapor film, this model seems
to be more appropriate.

In Fig. we show the shapes of Leidenfrost drops given by Sobac’s
model for a drop of 10 ul. at AT = 200°C. We clearly observe the effect
of the gravity, squeezing the drop. To see the effect of the gravity on the
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Figure I1.5: Shapes of Leidenfrost drops of the same volume (10 pL) submitted to the
five different reduced gravities used in the experiments. The shapes are calculated with
the model of Sobac et al. [5]]. The inset presents the variation of the thickness of the
vapor film at the neck with respect to the reduced gravity.

thickness of the vapor layer, we plot in the inset the minimal thickness of this
layer hpeck for each of the reduced gravity I'. There is a decrease of hpeck
that is non-negligible at all, from 30pm at I' = 1 to 22pm at I' = 20. The
dashed line is just a guide for the eye. From a qualitative point of view, this
supports the idea that an increase of the gravity should be compensated by a
higher temperature to stay above a thickness of the vapor layer where contacts
between the drop and the substrate are promoted.

I1.5 Supersize the drops !

The two models used here consider drops that are axisymetric and none of
them give good results when the pocket of vapor that we see in Fig. be-
comes too large. Indeed, multiple papers showed that when a Leidenfrost drop
becomes too large, the size of the vapor pocket, and especially the thickness
of the vapor pocket at the center of the drop, increases dramatically up to
the time when the bottom interface reaches the top interface |4, [7]. This phe-
nomenon forms the so-called chimneys.

These chimneys can be interpreted as the result of a Rayleigh-Taylor-
like instability [8]. Doing a perturbation analysis on the films, Biance et al.
showed that the instability occurs when the radius of the drop is larger than
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R, = 3.844, . Snoeijer et al. studied the very similar case of a drop
levitated over an air cushion blown from below and found a critical radius
R. = 3.95¢. above which the same instability occurs.

Figure II.6: Typical image obtained from very large bubbles (R = 32.5 mm) at T' =
5, showing many chimneys. The circles highlight three adjacent chimneys, and the
segments show the distance between them.

We took the opportunity of these experiments to drop large quantities of
water inside our rings to look at the distance between the numerous chimneys
that can form in a drop of R = 32.5 mm. With the same kind of images taken
from above as in the previous sections, we were able to extract the distance be-
tween two adjacent chimneys from center to center D.,. An example is given
in Fig. For each I', we measured Dy, for approximately a hundred couples
of chimneys. The cumulative distribution function is plotted in Fig. [IL.7(a).
Note that we have no data for the largest reduced gravity (I' = 20) because
the images were recorded with a camera at 25 frames per second and the ap-
parition and disparition of the chimneys was too fast at this reduced gravity
to be observed clearly with our setup. In our case, the CDF corresponds to a
gaussian distribution of Dy, from which we extract the mean and the standard
deviation.

In Fig. (b), we plot the mean distance between adjacent chimneys D,
as a function of the reduced gravity. This distance is found to decrease with
the reduced gravity with a power law Dy, = 7.89, « I'~1/2. Although this
distance is not the critical size for the apparition of the chimneys R., we
find it to be slightly above twice the values of R. found in experiments and

theory .
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Figure I1.7: (a) Cumulative Distribution Function of the distance between two adja-
cent chimneys D.p, in large drops for four reduced gravities. (b) The mean distance
D, as a function of the reduced gravity I'. The dashed line is a fit by a power law
D, x I'=1/2,

I1.6 Conclusions

In this chapter, we introduced tools that will be useful for the rest of this
thesis, i.e. the measure of the evolution of the radius with time, the lifetime
as a function of the superheat, and a clear definition of the Leidenfrost Point.
But we did more...

The hypergravity, at the opposite of the microgravity, appears to be a con-
venient way to emphasize the role of the large drops regime (R > {.). This
way, the lifetime of drops as a function of the superheat appears to be well
fitted by a power law 7 oc AT /4,

Moreover, we were able to show that the gravity has a small but significant
impact on the Leidenfrost Point. This is consistent with the idea that the
Leidenfrost Point originates from a threshold thickness of the vapor layer below
which contacts are promoted and nucleate boiling appears. This feature cannot
be explained by a simple model that considers a uniform thickness of the vapor
layer (Biance’s model), and we need to take into account a model in which the
vapor layer comprises a vapor pocket and an annular neck (Sobac’s model).



CHAPTER 2 27

References

1]

L. Maquet, M. Brandenbourger, B. Sobac, A.-L. Biance, P. Colinet,
and S. Dorbolo. Leidenfrost drops: Effect of gravity. FEurophys. Lett.,
110:24001, 2015.

J. D. Bernardin and I. Mudawar. The Leidenfrost point: experimental study
and assessment of existing models. J. Heat Trans., 121:894-903, 1999.

T. Tran, H. J. J. Staat, A. Prosperetti, C. Sun, and D. Lohse. Drop impact
on superheated surfaces. Phys. Rev. Lett., 108:036101, 2012.

A .-L. Biance, C. Clanet, and D. Quéré. Leidenfrost drops. Phys. Fluids,
15:1632-1637, 2003.

B. Sobac, A. Rednikov, S. Dorbolo, and P. Colinet. Leidenfrost effect:
Accurate drop shape modeling and refined scaling laws. Phys. Rev. E,
90:053011, 2014.

P. Bourrianne. Non-mouillant et température. PhD thesis, Ecole Polytech-
nique de Palaiseau, 2016.

J. H. Snoeijer, P. Brunet, and J. Eggers. Maximum size of drops levitated
by an air cushion. Phys. Rev. E, 79:036307, 2009.

A.-L. Biance. Gouttes inertielles : de la caléfaction a l’étalement. PhD
thesis, Paris VI, 2004.






111

Liquid pool
The ideal substrate

I11.1  Preamble

In the previous chapter, we demonstrated that the prediction of the Leiden-
frost Point is a major issue, and not everything has been understood. However,
not everything remains unclear. Kim et al. demonstrated that the roughness
of the substrate is a key parameter for the establishment of the LFP . More-
over, Kwon et al. shown that the mechanism behind the increase of the LFP
on microstructured surfaces is relying on a promotion of the wetting via cap-
illary wicking on the structures. This phenomenon is even more accentuated
when the roughness is multi-scale [2]. Kruse and coworkers also manufactured
various surface patterns, using a femto-laser processing to induce multi-scale
roughness on hydrophilic substrates and observed high shifts of the LFP to-
wards higher temperatures . Still, in all these studies, the substrates consid-
ered were hydrophilic. However, as stated in the PhD thesis of Bourriane [4],
not every roughness leads to this kind of behavior. As a matter of fact, su-
perhydrophobic substrates shows more than extraordinary shifts of the LFP
towards low temperatures. On these substrates, the threshold temperature is
eliminated : no transition can be seen in the plots of the lifetime as a function
of the temperature. Instead, a monotonic decrease of the lifetime with the
temperature is observed .
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Thus, the studies cited above [113] indicate that a reduction of the rough-
ness generally reduces the LFP. In the labs, we can find two types of substrates
that are smooth at a molecular scale. The first one is already widely used
among experimental physicists who work on the Leidenfrost effect : silicon
wafers and other cleaved substrates. However, no reduction of the Leidenfrost
have been reported on these substrates compared to usual substrates like alu-
minium substrates... At least, no reduction as drastic as one could want. The
second type of smooth substrate has already been used among people working
on the Leidenfrost effect. However, nobody tackled the issue of the Leidenfrost
Point on these substrates until now : liquid substrates.

Indeed, we find in the literature that liquid substrates have been identified
as a good candidate to support Leidenfrost drops. Le Merrer et al. studied the
friction of Leidenfrost drops made of liquid nitrogen on liquid pools [5]. They
showed that this friction was much higher than the friction on solid substrates
due to wave resistance. But one of the main reference is probably the work of
Snezhko et al. [6]. Again, they worked with liquid nitrogen, but they focused
on the pulsating behavior of large drops, leading to star-shaped drops. They
also investigated the gliding behavior of smaller drops, showing that smaller
drops glide faster than large drops. More recentely, a study investigated the
analogous case of liquid drops at room temperature on a pool of liquid ni-
trogen [7]. They focused on the conditions in size and density of these drops
to float and on the duration over which the so-called inverse Leidenfrost was
sustained, 7.e. the duration over which the drop was sufficiently hot to be in
levitation above the pool due to a film of nitrogen vapor. In that paper, they
were limited by the phase transition happening in the drop. Indeed, the drop
of liquid that floats above the liquid nitrogen pool experiences freezing while
cooling down. Thus, the same kind of limitations that happens in the case
of a solid substrate happens when the drop freezes, and the Leidenfrost effect
only exists until the surface of the drop becomes solid. After that, nucleate
boiling ends quickly the cooling of the drop [7].

This list is not exhaustive, but still, no one seems to investigate the secrets
of the Leidenfrost Point on liquid substrates. Moreover, nobody seems to have
ever try to heat a liquid substrate to allow drops to be in the Leidenfrost state
above it. This is precisely the subject of this chapter. At the opposite of all
studies made on the subject until now, we use substrates and drops at tem-
peratures that are more or less slightly above room temperature, which allow
us to avoid the use of cryogenic liquids as liquid nitrogen or liquid oxygen.
That allows us to have a precise control on the temperatures involved in our
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experiment.

The first part of this chapter is devoted to the description of the setup
used, the limitations associated, and the experimental subtleties. The second
part describes in details the aspects related to the Leidenfrost Point, from
its description to its measurement. The third part focuses on the evapora-
tion and points out differences with the case of solid substrates. The fourth
part explains some of the aspects of the evaporation by describing notably the
shape of the drop and of the substrate using a model extended from Sobac’s
model et al. [§]. Finally, in the last part, one of the possible limitations to our
understanding of our system is investigated : the flows inside the pool and
their implications are described.

(a)

Figure III.1: Ethanol drops on liquid substrates made of silicone oil V20. (a) Ery-
throsine is used to color the drop. (Image credit : Florence Cavagnon)

I11.2 How to sail on an oil sea

Basically, our system was composed of a heated liquid drop and a pool of a
heated liquid. However, some subtleties concerning the liquids used and the
procedure to make Leidenfrost drops have to be explained.

I11.2.1 The liquid of the substrate

To enable the Leidenfrost effect to appear, the major restriction on the liquid
used is that its boiling point has to be higher than the boiling point of the
liquid of the drop that levitates. In practice, the choice of the liquid that can
be used for the pool is not that wide. Most of the liquids commonly found
in a laboratory of fluid mechanics boil around 100°C. The main liquid that
is stable when heated is the oil. For a better control on the properties of the
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pool, we used exclusively silicone oil.

Silicone oil have the distinctive feature that the length of the chains of
polymers that compose the oil can be adjustated through its fabrication. The
length of these chains has a significant impact on the viscosity of the oil that
can vary from v = 0.65 ¢St to v = 10% ¢St (at 25°C). Different kinds of oils can
be found. In our experiments, we used those that are named V1.5, V5, V10,
V20, V50 and V100. The number is approximately the kinematic viscosity of
the oil at 25°C.

Silicone oil also presents some other interesting features. Its boiling point
depends on the type of oil, but for the V5 and above, the boiling point is
above 200°C. However, most of its other properties other than the viscosity
are not strongly dependent on the length of the polymer chains. Some of these
properties that are useful hereafter are listed in Table These properties
were measured at 80°C.

Silicone oil Ty (°C)  p (kg/m?) ~ (mN/m) 7 (mPa-s) £, (mm)

V1.5 194 808 16 0.62 1.40
V5 > 200 828 17 1.68 1.44
V10 > 200 899 19 4.1 1.46
V20 > 200 925 20 8.3 1.49
V50 > 200 913 19 21 1.45
V100 > 200 924 19 36 1.46

Table II1.1: Physical properties of the oil used in the experiments: boiling point Tyas
at 1 atm, density p, surface tension v and dynamic viscosity . The latter three are
considered at 80°C.

111.2.2 The liquid of the drop

As said above, to have a Leidenfrost drop, we have to release a drop made of
a liquid with a boiling point lower than the temperature of the substrate. We
controled the temperature of our pool of silicone between 25°C and 180°C.
Thus, the best liquid that we could imagine considering this was a liquid
that boils just above 25°C. Diethyl ether was the best candidate we used
(Taay = 35°C). We also used several other liquids including ethanol, HFE-
7100, isopropanol and chloroform. The properties of these liquids are listed in
Table The properties are taken at the boiling point of these liquids.
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Liquid Tat (°C)  p (kg/m?) ~ (mN/m) £, (mm) L (kJ/kg)
Diethyl Ether 34.6 696 16 1.53 377
HFE-7100 58.5 1425 14 0.997 125
Chloroform 61.2 1411 22 1.26 247
Ethanol 78.4 728 17 1.54 846
Isopropanol 82.6 725 16 1.50 779

Table II1.2: Physical properties of the liquid used for the drops in the experiments:
boiling point Tsay at 1 atm, density p, surface tension v and the latent heat of evapo-
ration L. The latter three are at the boiling point of the corresponding liquids.

II1.2.3 Experimental procedure

A stainless steel Petri dish was used as a container for the oil. This Petri dish
stands over a heating plate. To control the heating of this plate, we used a
PID controller. This controller measured the temperature of the oil close to
the surface of the pool with a thermocouple (K-type). Indeed, the tempera-
ture in a pool of oil tended to be difficult to stabilize and homogenize with
our PID controller and our heating system, especially when this oil was very
viscous (less recirculation and lower thermal conductivity). The temperature
in the pool during a measurement had thus an uncertainty that is around 5°C
for the silicone oil V100. However, the temperature that was interesting for
us was not the temperature in the bulk, but the temperature of the surface.
By placing the thermocouple very close to the surface of the pool, the uncer-
tainty related to the local and temporal variations of the temperature of the
substrate was around 1°C. The uncertainty of the PID controller was equal
to 1°C. Thus, the uncertainty on the measurement of the temperature was 2°C.

The drops were deposited gently with syringes that were manipulated ei-
ther by hand or with a syringe pump. The syringe pump allowed to inject
liquid at a very low rate, and thus to inflate very slowly a drop after its cre-
ation over the substrate. This process improved the stability of large drops
during their creation.

As explained in section Leidenfrost drops are highly mobile due to
the vapor layer beneath them. Small drops and drops made of liquids that
evaporate quickly are especially mobile. This is consistent with the observa-
tions of Snezhko et al. [6]. To make their observation easy, a way to confine
the drops was needed. Therefore, we placed a metalic ring of 20 mm of inner
diameter inside the Petri dish. Meniscii on the edges of the ring induced the
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Figure II1.2: Schematic side view of the metalic Petri dish, filed with oil and heated
from below. Inside the pool, a smaller ring is used to create meniscii that confine a
drop.

confinment of the drops. A schematic view is given in Fig.

I11.3 About the Leidenfrost Point

To describe Leidenfrost drops, Sobac’s model considers a 2D axisymetric drop
evaporating through its lower part through a lubrication film [§]. In this
model, the evaporation exists as soon as the superheat AT is positive. And as
soon as there is evaporation under the drop, there should be a lubrication film
applying a force on the drop. Considering that, the smaller is the thickness
of the film, the larger is the evaporation, and there should always exist an
equilibrium value of the thickness where the pressure in the lubrication film
compensate exactly for the weight of the drop... And it should be like this no
matter how positive is the superheat. The Leidenfrost Point should be equal
to the boiling temperature of the liquid of the drop.

Unfortunately, on solid substrates, this is not the case. Three things can
play a role to set the critical temperature. First, if the drop comes very close
to the substrate (typically 100 nm), new forces that are not considered in the
model come into play : the van der Waals forces. These forces are attractive
forces between the interface of the drop and the substrate. They can then
induce contacts that suppress the Leidenfrost effect.

Second, the thermal conductivity of the material of the substrate is finite.
As the energy is pumped by the drop, the substrate underneath cools down.
This effect cannot suppress the Leidenfrost effect just by itself. Indeed, the
heat transfer becomes less effective as the substrate cools down, and so the
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cooling becomes less effective too, until becoming as effective as the diffusion
of heat from the heating system to the surface of the substrate. However, this
process tends to promote the role of the van der Waals forces.

Finally, third, the model considers a perfectly flat substrate. Nevertheless,
a solid substrate is never perfectly flat. Usual roughnesses for a silicon wafer or
a polished aluminium plate are about 10 nm and 1 pm (resp.). The structures
related can induce contact points in the vapor layer where bursts of evapora-
tion occur. This effect has been extensively studied by Kim and coworkers [1].
They showed that the addition of micropillars on a surface pushes the Lei-
denfrost Point towards higher temperatures. Note that the pollution of the
substrate by dust can also induce an increased roughness.

Then, if one wants to lower the LFP to the lowest temperature possible,
getting rid of these effects is mandatory. Unfortunately, acting on the van
der Waals forces is not very convenient, and the thermal conductivity of usual
substrates, coupled to the high mobility of the drops, is sufficiently high to
reduce the cooling of the substrate down to a few degrees in worst cases. Thus,
to lower the LFP, the best way seems to be the lowering of the roughness of
the substrate. And what substrate can possibly be smoother than a liquid
substrate...

I11.3.1 Measurement of the LFP

With drops on a liquid pool, we cannot visualize directly the vapor film due
to the curvature of the liquid substrate (see Fig. [[IL.1)). Thus, the definition
of the Leidenfrost Point that we use here is the same as the one in the second
chapter. The LFP is the temperature that corresponds to a local maximum
in the lifetime above the boiling point of the drop.

Figure shows the lifetime of drops on a pool of silicone oil V20 as a
function of the superheat. Two different liquids were used for these drops :
ethanol (blue squares) and diethyl ether (red dots). The first thing we notice is
that, in both cases, there is a dispersion of the values. The maximum lifetime
of these drops for each superheat is quite reproducible. This maximum cor-
responds most of the time to a complete evaporation of the drops. However,
at low superheats, below 30°C, the lifetime of the drop generally ends when
the drop touches the pool. The reproducibility of the maximum values means
that this contact is due to a deterministic process. We expect this process to
be linked to different phenomenons such as a local cooling of the liquid pool.
Unconfined drops have less time to cool down the substrate localy because of
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Figure II1.3: Lifetime of drops T as a function of the superheat AT. The substrate
is made of silicone oil V20. Drops are made from ethanol (blue squares) and diethyl
ether (red dots).

their movement and showed slightly larger lifetimes. However, especially at
low superheats, the dispersion is due to external perturbations and not to the
Leidenfrost effect itself. Still, even for the smallest superheat we investigated,
unperturbed drops levitate for times that are of the order of 10 s. That is a
feat that is never observed on a solid substrate.

The second thing we observed was that the diethyl ether drops evaporated
faster than ethanol drops. The origin of this is multiple, but one of the main
reasons is that its latent heat of vaporization is about 377 kJ/kg whereas the
one of ethanol is 846 kJ/kg.

We can plot this lifetime as a function of the superheat for different liquids
for the drops and the substrates. This gives a measurement of the LFP for
these different couples of liquids, i.e. the temperature at which the lifetime
is the maximum. In Fig. [[I.4] we show the Leidenfrost Point, T}, of ethanol
and diethyl ether drops as a function of the dynamic viscosity of the oil 7,.
The continuous and dashed lines indicate the corresponding boiling tempera-
ture and Leidenfrost Point on an aluminium substrate. The dynamic viscosity
of the type of oil used decreases when the temperature is increased, so this
viscosity is measured at the LFP. The hatched zone at low viscosities is the
zone where one can hardly find liquids at such viscosities. For ethanol, we
observe that the Leidenfrost state is always achieved as soon as the superheat



CHAPTER 3 37

is positive, in the range of superheats explored. However, for diethyl ether,
the results are more spread. No clear behavior can be extracted. Still, for any
investigated viscosity, the LFP is much lower than the LFP on an aluminium
substrate.
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Figure II1.4: Leidenfrost Point as a function of the dynamic viscosity of a silicone oil
substrate. Drops are made of ethanol (blue squares) and diethyl ether (red dots). The
continuous lines represent the boiling temperature and the dashed lines represent the
Leidenfrost Point on an aluminium substrate.

Concluding on the origin of the drastic reduction of the Leidenfrost Point
over the range of couples of liquids used is not an easy step. This origin may
be multiple. The first hypothesis is the reduction of the roughness of the sub-
strate that we already mentionned. However, cleaved substrates should also
exhibit very low LFP if the roughness was the only origin. Another possible
origin is the existence of Marangoni flows in the pool that can entrain air in
the vapor film and helps the levitation . This possibility is ruled out in
Sec. Another phenomenon that can play a role in the reduction of the
LFP is the “adaptibility” of the substrate to the variations of the thickness of
the neck of the vapor layer that are observed on Leidenfrost drops .

Addtionally, keeping a drop in the Leidenfrost state on silicone oil V300
or higher appears to be much harder than on substrates at lower viscosities.
Actually, the only way to achieve this is by pre-heating the liquid of the drop
close to its boiling point before depositing the drop. And still, a large super-
heat is needed (about 50°C). This is why the zone of Fig. above 7, = 100
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mPa.s is hatched. This influence of the viscosity of the substrate may indicate
that the problem is linked to flows in the pool. Indeed, being cooler than the
substrate, a drop always cools down the substrate below it. Then, buoyancy
induces a flow downward just below the drop, making the heavy oil sink. This
flow homogenizes the temperature in the pool, which helps to avoid excessive
cooling of the surface under the drop. And the higher is the viscosity, the
lower is the flow rate, the lower is the homogenization, and the substrate cools
down more. That could be one reason that makes difficult the existence of a
Leidenfrost drop over such a substrate. Moreover, this difficulty to observe
Leidenfrost drops on highly viscous substrate is also in agreement with the
origin of the reduction of the LFP being related to the adaptability of the
substrate to variations of the thickness of the vapor layer as the viscosity in-
creases the time for the substrate to react on a local fluctuation of the pressure
in the vapor film.

1I1.4 Evaporation

A look at Fig. shows that the lifetime of ethanol Leidenfrost drops slightly
decreases while the superheat increases. However, no information is given
about how they evaporate. Indeed, the lifetime is the time between the cre-
ation of the drop and its disappearance, either by complete evaporation or
by contact with the pool (which induces a partial dilution in the pool and
a rapid evaporation). So the lifetime may not be the best indicator on how
much the drop evaporates. The first step to understand the evaporation, as
made before in the case of solid substrates [12], is to plot the evolution of the
radius of Leidenfrost drops over time.

Figure shows the evolution of the radius with time for ethanol drops
for small drops (a) and for large drops (b), i.e. drops smaller or larger than
the capillary length of the drop. This evolution is shown in both cases for
different superheat AT. We immediately see that the larger is the superheat,
the faster the drops evaporate. This is quite intuitive and similar to what
happens in the solid case. However, what is less intuitive is that, in both the
case of a small and the case of a large drop, the radius of these drops decreases
linearly with time. In the case solid of a solid substrate, many models have
captured the essence of the evaporation of Leidenfrost drops [8| 12} [13] : the
drop experiences a change of its geometry and of the associated scalings from
a small drop to a large drop. This change of geometry induces a change in
the evaporation regime. Biance et al. have extracted analytical scalings that
describe how the drops evaporate with a simple model [12].
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Figure I11.5: Radius of an ethanol drop as a function of time on a pool of silicone oil
V20 at different superheats. Plots (a) and (b) differ by the initial drop radius.

R(t) = Ry <1 _ j)a (TTL.1)

In this equation, 7 is a characteristic time that is different in the case of a
small drop (that remains almost spherical) and the case of a large drop (which
flattens and forms a puddle). The exponent « is also different, switching from
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1/2 in the first case to 2 in the latter. In Fig. [III.5] the continuous lines shows
linear fits for each superheat. It clearly appears that in our case, Eq. [[TL]] is
still valid, but « is always equal to 1.

Now that we see that the time evolution of the radius is linear in all inves-
tigated cases, we can extract a more interesting value : the reduced time of
evaporation. This ratio is the characteristic time for a drop to evaporate com-
pletely, 7, divided by its initial radius, Rg. We plot this rate as a function of
the superheat for ethanol drops (red dots) and HFE-7100 drops (blue squares)
in Fig. Note that the drops used for this plot had various initial radii
between 0.9 mm and 6 mm. For both ethanol and HFE-7100, the reduced
time of evaporation follows a law

T Ryl oc AT™4/5 (I11.2)

above AT = 30°C, and saturates highly for smaller superheats. This behavior
is explained in Sec. [[11.5.2]
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Figure II1.6: Reduced time of evaporation for Leidenfrost drops of various initial radii
as a function of the superheat AT. The drops are made of ethanol (red dots) and
HFE-7100 (blue squares) on a pool of silicone oil V20. The continuous lines is a fit
of the data over AT = 30°C by the scaling law /Ry oc AT /5.

One can of course ask why such a big difference between the case of a solid
substrate and the case of a liquid substrate exists. Obviously, by essence, a
solid is a material that is not much deformable at the opposite of a liquid.
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And indeed, this is the whole point. The liquid substrate above which you
place a Leidenfrost drop deforms under its weight as seen on Fig. [[IT.1]

I11.5 Geometry of the problem and its link to the
evaporation

To fully understand the origin of the difference between the case of a solid
substrate and the case of a liquid substrate, a model was developped with our
coworkers at ULB [9]. We do not enter here in the details of this model that
is based on Sobac’s one [§].
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Figure II1.7: Numerically determined shapes of ethanol Leidenfrost drops and of the
liquid substrates associated (made of silicone oil V20) for a superheat AT = 40°C
(which corresponds for ethanol to T,, = 118°C).

Figure [[T[.7] shows the geometry of our situation for drops of ethanol on
a pool of silicone oil V20 at a temperature 7}, = 118°C which is equivalent
to a superheat AT = 40°C. The axis are made dimensionless by dividing the
coordinates by the capillary length of the liquid of the drop, £, = 1.54 mm.
Many things have to be noticed on this plot.

The drop deforms the substrate. We could already see that in Fig.
but we see now clearly that all the substrate is deformed. This is the
key for a long-range attraction as in the Cheerios effect [14].

In the case of a Leidenfrost drop on a solid substrate, the drop tends
to be flattened by the gravity when the drop becomes larger than the
capillary length. Its height saturates at two times its capillary length.
Here, as far as studied (Rmax = 44,), the height does not saturate, and
the bigger the drop is, the deeper the drop penetrates the pool. This
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feature lets us imagine that the relation between the volume V' and the
maximal radius of the drop Ryax does not turn to V = 2/, dwanax for
big drops as in the case of a solid substrate.

Another remarkable feature lies in the position of the top of the drop. We
observe that that position does not increase monotonically with Ry ax.
Indeed, above Ryax = 2.5¢,, that position slightly decreases as the
maximal radius increases. That means that, at a point, very large drops
tend to sink. Of course, this tendency depends on the parameters, but
we will come back to this in Sec [IL5.1l

I11.5.1 Deformation of the substrate

In this section, we analyse experimentally the deformation of the surface of
the pool by the drop. We measure this deformation by looking just below the
interface of the pool with a telecentric lens, as shown in Fig. a). The
pool is made of silicone oil V20 (., = 1.2mm) while the drop is made of
ethanol (¢., = 1.5mm). The pool is at a temperature T, = 118°C. The liquid
density ratio is pp/pq = 1.16 and the drop radius R = 0.8/.,. From the image
on the left, we extract a profile that is represent by the dashed curve on the
right. Note that the axis are made dimensionless using the capillary length
of the drop, /,. Figure [[IL§|(b) also shows the prediction of the model for
the same parameters. A small discrepancy is observed and could be due to
the movement of the drop on the substrate that could also explain the small

asymetry observed in Fig. [[I1.8(a).

(a)

w
—

=
~

——  model
-- experiment

Figure II1.8: (a) Experimental determination of the profile of the interface of the pool
with a Leidenfrost drop on it. (b) Comparison between the model and the experiment.
This experiment corresponds to an ethanol drop on a silicone oil pool at a temperature
T, =118°C. The drop radius R = 0.8(,,.

Such a deformation, as said above is crucial, for the Cheerios effect |14].
This effect is responsible for the attraction and repulsion of objects floating at
the surface of a liquid and their attraction or repulsion by the walls of the con-
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tainer. Indeed, two objects (or parts of objects) that induce a curvature of the
same signs on the liquid surface will attract each other, and those that induce
curvature of opposite signs will repel each other. Two different drops induces
of course two curvatures with the same sign, that is negative away from the
drop. Unlike solid objects , this effect can not lead to the self-assembly of
drops because the attraction ends with the coalescence of the drops.

Fortunately, most solid surfaces are oleophilic. Thus, the walls of our con-
tainer induces a positive curvature, repel the drops, and prevent the contact
between the drops and the walls. This is a useful way to confine the drop
without acting directly on them. These two interactions between meniscii are

illustrated in Fig.

(a) (b)
— e

Figure II1.9: (a) Two drops in a Leidenfrost state on a liquid pool experience a cheerios
effect, attracting each other. (b) An oleophilic wall induces a curvature opposite to
the one induced by a drop, and thus repels the drop.

e

One useful quantity that can be extracted from the profile of the inter-
face is the maximal depth of the interface ecenter- That quantity is plotted as
a function of the radius of the drop in Fig. The theory and the ex-
periments are in good agreement and we observe a monotonic increase of this
depth with the radius of the drop. Looking at these pictures, a question arises:
is there a theoretical limit to the size of the drops that can be maintained in
the Leidenfrost state, and do we observe this limit in the experiments ?

To answer this question, we can vary two parameters that appear in the
equations of the shape of the substrate ﬂgﬂ:

=2 and 5=2. (IIL3)

Pd Yd
The effect of these ratios is illustrated in Fig. On the right, the
ratio of surface tensions is constant, and on the left, the ratio of densities is
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Figure III.10: Depth of the interface (silicone oil V20 at T, = 118°C) below the
center of etanol drops, €center, as a function of the radius of the drop, R. Comparison
between theory (blue line) and experiments (black crosses).
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Figure II1.11: Shape of the surface of the pool with a drop of radius R = 3¢, for
various ratios of tension surface and of densities. (a) The ratio of the densities is
kept constant. (b) The ratio of the surface tensions is kept constant.

constant. We see that high values of these ratios tends to make the situation
closer to the case of a solid substrate. However, we see that this situation
is only reached for extreme values of these ratios. Practically, these extreme
values are not encountered in the nature. At the opposite, we see that for
low ratios, the drop tends to sink more. For example, for this size of drops
(R = 3{.,), no stable shape is found for ¥ = 0.87 for a ratio p < 1/1.95. For
this threshold value, we observe that the top of the drop reaches the level of
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the free surface of the pool. This case is not that far from the case of a drop
of ethanol on a pool of silicone oil V20 at a temperature 7, = 118°C. Another
interesting case is the one of HFE-7100 on the same pool , for which ¥~ = 0.7
for a ratio p = 0.65. This case is very close to the limiting case in Fig. (a).
This explain why we do not succeed to create large drops of HFE-7100 in a
Leidenfrost state. For ethanol drops, the largest drops we succeeded to stabi-
lize experimentally was a drop of radius R = 8 mm or R = 5.2¢,.

In the situations where p, >> pg or where 7, >> 74, the situation can
theoretically reach a situation close to the case of a solid substrate. In these
limit cases, nothing really differs from the case of a solid from the point of
view of the evaporation. In such a situation, we should find the same law of
evaporation as in the solid case, i.e. Eq. with a = 2 for drops larger
than /.,, and o = 0.5 for drops smaller than ¢.,. A contrario, when the drop
sinks more than in the case of a drop of ethanol on silicone oil, e.g. a drop
of HFE-7100 on the same substrate, the law of evaporation should also be
affected. However, the deviation observed for HFE-7100 is negligible. In a
good approximation, the exponent of Eq. remains o = 1.

I11.5.2 The ingredients for a linear decrease of the radius

As we previously said, the strangest feature of the curves R(t) is the fact that
we do not observe two different regimes (for small and large drops) as we do
in the case of a solid substrate (see Fig. and Fig. . Some intuition
of this curious fact can be obtained by studying some of the results of the
model. In Fig. we plot the radius of an ethanol drop on a silicone oil
pool as a function of its volume, computed with our model. A continuous line
indicates the scaling law R o V1/3. The agreement between this scaling law
and the data is good despite a slight deviation for very large drops (that we do
not observe in the experiments). This is completely different of the case of a
solid substrate for which two regimes are observed : small drops are spherical
(R o< V/3) and large drops turn to puddles (R oc V1/2). This element alone
does not imply by itself that there should be only one regime of evaporation
but gives the intuition that the capillary length is not anymore a key length
for changes concerning the shape of the drops and the evaporation.

Then, in order to extract the evaporation rate and explain the linear scal-
ing for the decrease of the radius with time, we have to integrate the local
evaporation flux J over the vapor film. The details are presented in the pa-
per |9]. Here, we simply show in Fig. the dependency of the evaporation
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Figure II1.12: Predicted radius of an ethanol drop in a Leidenfrost state on pool as a
function of its volume. The line indicates a scaling law R oc V1/3.

rate of ethanol drops with respect to their volume (at a fixed temperature of
the pool T,, = 118°C), and with respect to the superheat (for drops of radius
R =1 mm). In both cases, we can extract scaling laws and combine them to
find a differential equation for the evaporation rate.

- % o V2BATY? (111.4)

This equation can be solved and leads to

VB =y AT ¢ (I1L.5)

with Vj and C being constants of integration. Considering the relation between
the volume and the radius of the drops, we find

' AT4/5
o= (1- C57) L)
0

with Rg being the initial radius, and C’ a modified constant of integration.
We can express 7 = RgAT—4/5 /C" and obtain Eq. with o = 1 as found
in the experiments. Moreover, we see that the reduced lifetime of the drops
scales as 7/Ro oc AT*/5 as observed in Fig. [IIL.6
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Figure II1.13: Fvaporation rates of drops of ethanol as a function of (a) their volume
(at T, = 118°C), and (b) the superheat (for a drop of radius R =1 mm).

Note that this model does not reproduce the saturation of the reduced
lifetime at low superheats that is observed experimentaly. The limitation of
this model at low superheats is that the only source of evaporation considered
is the conductive transfer through the vapor film. However, a drop already
evaporates in an environment at the temperature of the air above the hot pool.

In Fig. [lII.14{(a), we show the reduced lifetime of drops suspended at the tip
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of a fiber, approximately 1 mm above the surface of the pool. This lifetime
seems to be quite independent on the superheat, at least for low superheats.
This is consistent with the idea that the drop evaporation in a hot environ-
ment depends on the absolute temperature. The continuous line is a fit by a
constant. The value of that constant is 125 s.mm~'. This value is higher than
the value at which the evaporation rate of Leidenfrost drops made of ethanol
saturates, i.e. 80 s.mm™!. Indeed, the temperature above the pool is expected
to strongly decrease with the distance to the surface of the pool, and the drop
is 1 mm above the pool.

The addition of a source of evaporation that is independent on the su-
perheat to the evaporation due to the Leidenfrost effect itself can be written
as

R=C'ATY® 4+ ¢ (I11.7)
which then leads to a reduced lifetime

T__ v
Ry C'ATA5 4+

In Fig. [[IL.14(b), we show on the data of the reduced lifetime as a function
the superheat what would be the impact of this source of evaporation on the
evaporation of our drops. The blue dotted line is Eq. with C = 1/80
mm/s and the coefficient C;, being the same as in the fit of the experimental
data at high superheats. C represents the evaporation of a drop in the hot
environment that exists just above the pool without taking into account the
conductive heat transfer from the pool to the drop. The agreement between the
data and the curve is good at low and very high superheats but the transition
between the two regimes is sharper in the case of the experimental data.

(I11.8)

I1I.6 Convection in the pool

Up to now, no mention has been made of what happens below the surface
of the pool. We just considered a deformable surface whose deformation is
described by the Young-Laplace equation. The model even considers the sur-
face as static, which leads to a specific prefactor in the lubrication equation
that describes the Poiseuille flow in the vapor film under the drop. However,
nothing indicates us a priori that the surface of the drop and the surface of
the pool is static. Still, the impact of flows in the pool and variations of the
boundary conditions is of the second order in our problem. The purpose of
this section is to investigate how the pool is impacted by the presence of the
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Figure III.14: Reduced lifetimes of drops of ethanol as a function of the superheat (a)
for drops suspended on a fiber, approximately 1 mm above the pool, and (b) in the
Leidenfrost state over the same pool. The radius of the drops is R =1 mm. The blue

line is a fit by Eq. . The red line indicates the scaling T/Rq oc AT=4/5,

presence of a drop above it, and to study the infuence of what happens in the
pool on the Leidenfrost effect.

The first thing that one has to notice about the situation depicted in any
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Leidenfrost levitation problem is that there is a heat transfer. This transfer
occurs between the substrate and the drop. In the different models used, the
transfer is always considered as being driven by conduction. This implies that,
in order to evaporate the drop, heat is provided by the substrate. Usually, the
Leidenfrost is considered to occur on a metallic substrate, and the conduction
in the substrate is much more important than the conduction in the vapor film.
This metallic substrate ensures that the temperature of the substrate remains
uniform in the substrate and at its surface. However, liquids in general and
silicone oil especially have a poor thermal conductivity (k ~ 0.15 W/m.K)
compared to aluminium for instance (k ~ 200 W/m.K).

The three orders of magnitude between these conductivities impose to be
careful about the homogeneity of the temperature and the convection in the
pool. Indeed, a few degrees of difference between the point just under the
drop and the bottom of our container can induce free convection and the ap-
pearance of rolls. Moreover, the natural convection is not the only convection
that can be induced in the pool due to inhomogeneities in the temperature of
the pool. More precisely, the surface tension of a liquid does depend on its
temperature. Thus, if the drop cools down the surface of the pool, a gradi-
ent of surface tension is created and induces a Marangoni flow at the surface.
This Marangoni flow can even be responsible for the levitation of drops [10].
A schematic view of these two phenomenons is given in Fig.

Figure II1.15: Schematic view of the production of flows by Marangoni effect at the
surface of the pool and by buoyancy in the bulk.

In our case, we see that there is at least two processes that can induce some
convection in the pool. Both processes always induce a flow that would be
directed towards the drop close to the surface. But a third phenomenon can
enter the competition, and run in the opposite direction. The Leidenfrost drop
above the substrate produces a flow of vapor just above the surface. This flow
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of vapor can entrain the liquid at the surface of the pool. The flow induced by
this viscous entrainment follows the direction of the flow of vapor as shown in
the schematic of Fig. [[T[.16]

- |

Figure II1.16: Schematic view of the viscous entrainment of the oil at the surface of
the pool by the vapor flow under the drop.

To understand what processes takes place in our experiment, we performed
some experiments using the so-called “particle image velocimetry” technique
with a specific setup. This technique will be called PIV in the following. The
last part of this chapter will be devoted to that experiment and will try to
depict implications for the Leidenfrost drops on liquid pools.

II1.6.1 The PIV setup

To visualize the flows in the pool under the drop, the PIV technique uses
tracers that are disseminated in the liquid. In our case, these particles were
consituted of a polymer shell surrounding a rhodamine core. Their diameter
was 15 pm and their density was 1100 kg/m3. These properties are sufficient
for the particles to follow reasonnably well the flows of the silicone oil and to
avoid sedimentation to occur on the time scale of an experiment. The draw-
back of these particles is the fact that the polymer shell tends to melt when
the temperature goes above 150°C.

To visualize these small particles, we used a pulsed laser emitting at
532 nm. The beam of the laser was transformed in plane sheet. This laser
was synchronized with the acquisition of an high-speed camera whose line of
sight was normal to the plane of the laser sheet and focused on it. The field
of view was 53 mm large and 38 mm high.
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The silicone oil was contained in a parallelepiped aquarium with its sides
in the direction of the laser sheet and parralel to it. The oil was heated via
a heating plate of 2 cm of height, 12 cm of length, and 8 cm of width made
of aluminium. Two cartridge heaters were inserted in it. The heating plate
was placed in the aquarium, 3 cm above its bottom. Oil was pourred to reach
an height of 4 cm above the top of the heating piece. With this setup, we
observed a difference of temperature of 3°C to 5°C between the top surface of
the heating plate and the top of the oil pool.

To this setup, we added a syringe pump that created drops above the pool,
in the plane of the laser sheet. After the creation of the drop, the pumping
stopped and the tip of the syringe kept the drop static in the plane of the laser
sheet. The camera then acquired images during 0.88 s at a rate of 1000 fps.
This ensured that the size of the drop remained approximately constant, and
that we had a sufficient amount of images to average the PIV data.

We performed experiments with ethanol and HFE-7100 for the liquid of
the drop, and silicone oil V20 and V100 for the pool.

I11.6.2 Qualitative analysis

A convenient way to visualize the flows is to superimpose two plots : one is a
heat map showing the intensity of the flow at a location, the other is a map of
vectors pointing in the direction of the flow with a size proportionnal to the
intensity of the flow. In Fig. we show two exemples. On the left, an
ethanol drop stands on a silicone oil V20 pool with a surface temperature of
T, = 104°C. On the right, a drop of HFE-7100 stands on a pool of silicone oil
V20 with T}, = 64°C. y = 0 mm represent the surface of the pool and x = 0
mm represent the horizontal position of the center of mass of the drop. Note
that on the left part, close to the surface, the laser sheet is intercepted by the
drop and no data can be extracted in this region.

A few differences can be easily noted between both graphs :

In the case of the ethanol drop, at the surface of the pool, the flow goes
towards the drop, and under the drop, towards the bottom of the pool.
Considering the discussion above, this indicates that in this case, either
the buoyancy or the Marangoni effect dominates the viscous entrainment.
This is just the opposite for the case of HFE-7100 where the viscous
entrainment seems to be the driving mechanism of the flows.

The positions of the centers of the vortices also differs from one case to
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Figure II1.17: PIV maps for (a) a drop of ethanol on a pool of silicone oil V20 with
T, =104°C and (b) a drop of HFE-7100 on a pool of silicone oil V20 with T, = 64° C.
The centers of the vortices that are in the field of view are indicated by white dots.
The directions of the flow in (a) is the opposite than those in (b).

the other. Indeed, the vortices are much more far from the drop in the
case of the HFE-7100 drop (around 10 mm) compared to the case of the
ethanol drop (around 2 mm).

I11.6.3 Quantitative analysis

New observables These plots contain a lot of information. To understand
the phenomenon, we have to refine them and to choose carefully a few observ-
ables. Among many choices, we define U, as the maximum of the projection
of the velocity of the fluid along the vertical axis under the center of the drop,
and U; as the maximum of the projection of the velocity of the fluid along the

Figure II1.18: Choice and definition of observables needed to analyse the results of
PIV measurements.
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horizontal axis at the surface of the pool. We also note r, the radial and z, the
vertical position of the center of the vortices, .e. the points where the veloc-
ity of the fluid is nul. A representation of these quantities is given in Fig. [[TI.T§]

The case of ethanol drops Let us first focus on the velocity of the fluid
under the drops, and especially under ethanol drops. In Fig. we plot
this velocity as a function the superheat for drops with radii R = 1.28 mm
(with 7% of relative uncertainty on the radius). We observe a monotonic in-
crease of the velocity as the superheat increases.

100

—U, (mm/s)

0 10 20 30 40 50 60 70 80
AT (°C)

Figure II11.19: Maximum of the projection of the velocity of the fluid along the vertical
axis under the center of the drop U, as a function of the superheat AT for drops of

radii R = 1.28 mm. The line is a fit using Eq. ([11.14}).

To explain this increase, we first determine whether Marangoni or natu-
ral convection dominates, we can take a look at the dimensionless numbers
that characterize these phenomenons. The Marangoni number Ma and the
Rayleigh number Ra, for the Marangoni convection and the natural convec-
tion respectively, can be written as

_ (I -T) L
dT" oy np
_ ppgﬁLS (Tb—Tt)
Gp Mp

Ma (111.9)

Ra (111.10)
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where L is the depth of the oil pool, «, is the thermal diffusivity of the oil,
Ty is temperature of the heating plate, T} is the temperature at the top of the
pool, under the drop, and 3 is the thermal expansion coefficient. With these
numbers, we can then make another one that compares both phenomenons.
This one is called the Bond number. Even though the name is the same as
the first dimensionless number introduced in this thesis, this Bond number is
of course different from the number that compares the effect of gravity and
surface tension in drops. Its expression is

. _ Ra _ ppgBL?

We can easily compute the value of this Bond number, Bo*, knowing that for
all oils used, 8 = 1072 K~! and dry,/dT = 5.107° N.m~'.K~!. The density
of the oils used can vary a little bit with the temperature and between the
different kinds used, but always stays around 900 kg.m~3. Thus, Bo ~ 282
and we can see that the natural convection dominates Marangoni convection.

To estimate the vertical velocity of the oil flowing under the drop, we can
note that the situation is completely similar to the situation depicted in the
paper of Dorbolo et al. where a bloc of ice cools down the surface of a liquid
pool [16]. The velocity of the fluid is then

A
U, = <ﬁg> (I1L.12)

Z PP Cpp

where z is the vertical position under the surface of the pool, under the drop.
ML is the heat flux between the pool and the drop, and cp,p is the specific heat
capacity of the silicone oil. Moreover, we know from the theory of Sec. [[TT.4]
that the heat flux scales as

ML o« R? AT . (I11.13)

Thus, combining the two last equations, we find that the velocity U, scales as

U, o< 2743 R¥3 AT/ (I11.14)

Note that we emphasized the dependency of this velocity with z. Indeed,
this expression for U, diverges right at the surface under the drop. However,
this scaling law is used to fit the data of Fig. and we observe a good
agreement showing that the vortices under ethanol drops are driven by the
buoyancy.
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The case of drops of HFE-7100 For drops of HFE-7100, we saw that
the oil at the surface of the pool flows away from the drop, which means
that viscous entrainment dominates natural convection (and a fortiori the
Marangoni convection). This viscous entrainment can be quantified using the
continuity of the stresses across the interface.

Vip _ Vi
7710 an v 871

In this equation, n is the coordinate normal to the interface, and V;, and
Viv are the tangential velocities of the oil and of the vapor at the interface
between the pool and the vapor film. To compute an order of magnitude for
the velocity of the fluid induced in the pool by this continuity of the stresses,
we can make the strong approximation that the interface is horizontal and
that the velocity of the oil decreases linearly between the surface of the pool
and the center of the vortex.

(I11.15)
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As the velocity of the oil at the surface of the pool is negligible compared
to the velocity of the vapor at the middle of the thickness of the film, Vjeck,
we can go even further

% ~ 7 Vneck
Zy Y hneck/ 2

where we make the assumption that the viscous entrainment is induced by the
part of the vapor film where the stress in the vapor is the more important,
i.e. in the neck. Using the model presented in Sec. we can compute the
values for Vieck and hpeck, and then calculate the stress at the surface of the
pool in the vapor film. In Fig.[[I[.20, we compare the stresses calculated in the
vapor phase with the model (in blue), and those measured in the silicone oil
using PIV. The values found are comprised between 0.1 Pa and 1 Pa for the
range of superheat explored (AT going from 1°C to 100°C) for both stresses.

T (I11.17)

Considering the strong approximations made in the reasonning (assuming
a linear velocity profile between the surface of the pool and the center of the
vortex), and the experimental difficulties to obtain symmetrical vortices, and
the possible influence of flows that are not generated by the presence of the
drop, and the effect of the buoyancy-driven convection, both stresses are in
a reasonable agreement showing that the vortices under drops made of HFE-
7100 are driven by the viscous entrainment.
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Figure II1.20: Stresses at the surface of the pool as a function of the superheat. In blue:
stresses calculated with the values of Vieck and hneck extracted from the model described
in Sec.[IIL.3 In red: stresses calculated with the values of U and z, measured using
PIV.

I11.7 Conclusions

We studied Leidenfrost drops on heated liquid pools made of silicone oil. This
is a typical example of an experiment on the Leidenfrost effect that looks sim-
ple, but still, it reveals a high complexity and elegance.

And indeed... For the first time, we showed that the Leidenfrost effect
can be triggered as soon as the substrate is hotter than the boiling point of
the liquid of the drop when this substrate is made of silicone oil. At least for
ethanol. Diethyl ether has shown to be a little bit harder to put in a Leiden-
frost state, but still, it appears that its Leidenfrost Point is less than 40°C
above its boiling point on any substrate we used, which is far lower than its
Leidenfrost Point on a metallic substrate. However, we were unable to hold
Leidenfrost drops on substrates with viscosities above 0.1 Pa.s.

We also looked at the shapes of our drops and to the deformation of the
liquid substrates below them. A model has been developed on the basis of
Sobac’s model to rationnalize these experiments. Of course, the evaporation
has been investigated, and we observed that the radius of the drops decreases
linearly with time, whatever the radius of the drops. That points out the fact
that the capillary length is much less significant in the case of liquid substrates
than in the case of solid substrates.
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Finally, inspired by our ineffectualness to stabilize drops on high viscosity
pools, we investigated what was happening in the pool, under the drop, and
discovered a new world. The presence of a Leidenfrost drop induces a torroidal
vortex all around the drop. However, this vortex is very different depending on
the liquid of the drop. For ethanol drops, the vortex are driven by buoyancy
: the oil sinks under the drop and recirculate to come back at the surface
of the pool, coming from the side of the drop towards its center. For HFE—
7100 drops, the oil flows in the opposite direction in a vortex with similar
characteristics. The flow is then driven by viscous entrainment: the flow of
vapor in the vapor layer between the drop and the pool induces a high stress
at the surface of the pool and entrains oil from the center of the drop to its
side.
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Shaken drops

Repeated 1mpacts on a solid substrate

IV.1 Preamble

Inevitably, when it comes to the deposition of a drop over a substrate, whether
this substrate is hot or not, the way the drop is deposited is often important
for the experiment. For instance, one may remember an old measurement of
the contact angle of a drop on a substrate, made with too little care while
he or she was still a young researcher... The scattering of the results may
be catastrophic. As another example, in chapter [[II} this deposition was also
quite critical in some case, and the choice made was to deposit the drops gen-
tly on the meniscii of the substrate.

In general, in the Leidenfrost effect, this deposition is not seen as criti-
cal. However, studies have shown that the way the drop are deposited have
a strong influence on the Leidenfrost Point |1]. This temperature was defined
there as the temperature of the transition between impacts with and without
any nucleation boiling. The Leidenfrost Point increased strongly while the
speed of the impacting drops Uy was increasing.

Moreover, the impact dynamic in itself is interesting. And this fact is a
very general feature of drops. Their impacts can lead to many different be-
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haviors and have an... Impact ! on different domains from the transmission
of diseases in agriculture |2 to inkjet printing [3]. On superhydrophobic sub-
strates [4], just as on hot substrates [5], the drops have shown one important
common feature. The impact time 7; scales as the capillary time, \/My/7q4,
where M, is the mass of the drop.

However, it is well known that an impact is not the end of the story. When
a first impact leads to second one, then to a third one, and to many more,
this is a highway to non-linearity. Though, if one just drop an object on a
substrate, this will not lead to an infinite amount of impacts, because a part
of the impact energy is dissipated during the impact. To reach a state where
any impact is followed by another one, energy must be injected in the system.

A very convenient way to inject this energy is to work with an electro-
magnetic shaker. This device allows to oscillate a substrate with a well defined
amplitude A and frequency v. The most classical study on this system, i.e.
the problem of the bouncing ball, has been studied for quite a long time due
to its interest as a model system for studying transitions to chaos [6, 7], and
still, nowadays, variations of this system are still studied like the bouncing of
a ball on a spherical vibrated plate [§].

In this chapter, we revisit the problem of the bouncing ball using the Lei-
denfrost effect, and study the movements of Leidenfrost drops bouncing on a
vibrated substrate. This system is analogous in some aspects to the well-known
case of the bouncing drops, i.e. drops bouncing on vibrated liquid substrates
thanks to a renewal of the air film between the drop and the substrate at
each bounce [9, [10]. Recently, our system has received a little attention and
vibrations of the substrate have been shown to be efficient at removing the
Leidenfrost effect [11]. This study was focused on relatively high frequencies
of vibrations (~ 10? Hz). In our study, we focus on lower frequencies to get
closer from the inverse of the capillary time. By doing so, we avoid the sup-
pression of the Leidenfrost effect and we are able to study the dynamics of
bouncing drops with a stable vapor layer.

IV.2 Experimental setup

To vibrate the substrate, an electro-magnetic shaker was used. To pilot its
movement, we used a low-frequency generator that generates a sinusoidal sig-
nal with a frequency v and an amplitude A. This signal was sent to the
shaker through an amplifier. The substrate then oscillated with an amplitude
A. We define the pulsation of the signal w = 27wv and the reduced accelera-
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tion I' = Aw?/g. An accelerometer mesured the acceleration of the substrate,
giving a oscillating signal. The peak-to-peak value of the signal given by the
accelerometer was proportionnal to the reduced acceleration.

The substrate was a thick plate of aluminium of 100 x 100 x 30 mm? in
which two cartridge heaters were inserted. The top side of this piece was
slightly curved in order to maintain a confinment for the bouncing Leidenfrost
drops just as in the study of Chastaing et al. for the bouncing ball [8]. A
thermocouple measured the temperature of the substrate and a PID controler
set the heating of the cartridge heaters. In all the experiments of this chapter,
as we focused on the dynamics of the Leidenfrost drops, the temperature is
set to 300°C, well above the Leidenfrost Point of water on polished aluminium
(~ 220°C).

The drops were deposited with a micropipette as close as possible to the
substrate. To avoid any effect due to the deposition, the data were acquired
ten seconds after the deposition when the bouncing is stable through time.

The drops were filmed from a side view with a slight angle (less than 5%rc)
in order to be able to extract their vertical movement. The acquisition was
made with a high-speed camera, and the acquisition rate was adapted to v to
have at least 10 images per bounce when possible.

IV.3 First measurements

In Fig. [IV.1|(a), a typical image sequence is shown. Images are separated by
4 ms and the scale bar represent 2 mm. The oscillations of the substrate are
characterized by v = 28 Hz and I' = 0.4 and the radius of the drop is V; = 10
pl. The movement of the substrate is barely distinguishable, so we empha-
sized this movement tracing a the blue line. We see a first impact followed
by the take-off of the drop an parabolic trajectory. From this side view, we
could easily detect the center of mass of the drop, its top, and its bottom.
The position of the substrate was also detected, but with a shift that can be
determined from the moments when the drops impacts it.

In Fig.|[IV.1{(b), we plot the vertical position of a drop (R = 1.25 mm) as a
function of time (red area), the position of its center of mass (yellow line) and
the position of the substrate (blue line). A small drift can be noticed in the
vertical position of the drop. This is an artifact due to the movement of the
drop in the direction of the line of view of the camera. This drift is neglected
in the following.
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Figure IV.1: (a) A drop bouncing on a substrate oscillating with v = 28 Hz and
I' =0.4. The drop has a radius R = 0.75 mm. The scale bar represent 1.5 mm and
the time step 4 ms. The blue line emphasizes the movement of the substrate. (b)
Vertical position of a drop (R = 1.25 mm) as a function of time and position of its
center of mass yopr- The position of the substrate is also indicated.

From these data, we extracted some observables. The instant at the im-
pact n, t; ,,, at the take-off n, ¢; ,,, from which we can deduce the time between
two successive impacts At; , = t; , —tin—1. In the following, for more clarity,
we use the notation At; for this quantity as we never focus on one of the At; ,,
but rather plot all their values to have a statistical view on them.

If we consider that the first impact takes place before the first take-off,
we can also define the contact time 7., = t;, — t;», and the flight time
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Tfn = tim — tyn—1. Just as for the time between successive impacts and take-
offs, we use the notation 7. and 7.

Note that we evoke here impacts, take-offs, contacts and flights as if there
was a real contact at a time between the substrate and the drop. Of course,
our drops are still in the Leidenfrost state and there is no contact. However,
we define here that there is a contact when the thickness of the vapor film
is lower than it would be in a static case. Experimentally, with our setup,
determining this instant precisely is impossible, but as the drop impacts and
take-offs quickly from the substrates, it is easy to determine the time with the
time resolution of our acquisition. The uncertainty on our measurements is
then directly the time resolution of our acquisition.

To characterize any observable X, to each bounce and value of X, a gaus-
sian function is attributed with a standard deviation that is the uncertainty
of the measurement and a unitary height. An example is shown in Fig.
where each measurement is represented by a gaussian function (in blue). All
these gaussians functions are summed and the result is representative of an
intensity (red line). Then, the resulting function is normalized by its maxi-
mal value, and this normalized intensity is represented by a color scale, from
0 (white) to 1 (black). Compared to a mean and a standard deviation, this
visualisation helps to visualize when the observable can take more than one
value for one set of parameters.

Intensity

) \

X

Figure IV.2: Illustration of the method used to analyze data. To each measurement,
a gaussian function is attributed (blue curves). The sum of these gaussian functions
is representative of an intensity (red curve). This intensity is then normalized by the
mazimal value of this function and transformed in a color scale from 0 (white) to 1
(black).
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IV.4 How to bounce

The first thing that we can characterize with this method is the impact of the
drops. In Fig. we present the contact times of drops of different radius
while bouncing as a function of (a) the reduced acceleration I" (R = 0.75 mm
— v = 28 Hz), (b) the frequency v (R = 0.75 mm — I' = 0.5), and (c) the
radius R (v =28 Hz - I' = 0.5).
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Figure IV.3: Contact time 1. of Leidenfrost drops as function of (a) the reduced
acceleration T' (R = 0.75 mm — v = 28 Hz), (b) the frequency v (R = 0.75 mm —
I'=0.5), and (c) the radius R (v =28 Hz -T =0.5).

We see in Fig. |[IV.3|(a) and (b) that the contact time is independent on the
parameters of the oscillation, but dependent on the radius of the drop. A fit
of our data leads to the law
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3
=26 ,/"fj . (IV.1)

This result is the same as the one found by Biance for Leidenfrost drops im-
pacting static substrates et al. [5] and even the prefactor is the same. This
time is very close to the time of an oscillation of a free drop in the simplest
mode of deformation, i.e. the quadrupolar mode where the drop just elongates
and flattens. In this time, initially calculated by Rayleigh, the prefactor was
7/v2 ~ 2.2 [12]. The drops are found to have the same contact while on a
static substrate and on an oscillating substrate.

Note that in Fig.[IV.3|a), we see that for reduced accelerations higher than
1.5, some impacts seem to have a contact time that is around 30 ms. This
unexpected and occasional doubling is due to non-linearities induced by the
strong deformations of the drops, and is developped further.

IV.5 To bounce or not to bounce

Now that we know how a drop bounces on an oscillating substrate, the ques-
tion that can come to one’s mind is: when does a drop bounces or not ? To
express that, we measure the time of flight of drops on a substrate oscillating
at v = 28 Hz. In Fig.[[V.4] we plot the time of flight normalized by the period
of an oscillation 7f/7os as a function of the radius of the drops R for four
different values of the reduced acceleration. For the sake of clarity, we do not
plot every event as in Sec. [[V.4] but rather plot the mean value observed and
the standard deviation. We see that the normalized time of flight tends to 1
when the drop radius tends to 0, and that this time decreases quickly with the
radius of the drops, whatever is the value of the reduced acceleration I" for all
considered values.

From what we know from Sec. the time of flight should be simply
Tf = Tose — Te- Thus, using Eq. ([V.1]), one obtains

T, 1 26RY
Tosc Tosc EC\/E .

This law is plotted without any adjustable parameter in Fig. [V.4 A good
agreement with the data is observed. Thus, we can deduce that drops that
are too large does not bounce. More precisely, we find the criterium

(IV.2)
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Figure IV.4: Reduced time of flight Tf/Tosc as a function of the radius of the drop.
The frequency of the oscillating substrate is v = 28 Hz and four different reduced
acceleration I' are represented.
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R= (ec TOS; 6\/5> . (IV.3)

That criterium means that, for higher frequencies, a drop that would be too
large cannot perceive the movement of the substrate and does not bounce.

IV.6 The road to non-linearities

In all bouncing systems, as in many other systems in non-linear physics, par-
ticular phenomenons tend to appear, among which the phase locking. When a
system is submitted to periodic forcing, this system tends to adopt a dynamic
that is periodic with a period that is the same than the period of the forcing.
This phenomenon is exactly what is observed in Fig. the drop bounces
one at each oscillation of the substrate. However, it is well known that things
are not always as easy. In this kind of systems, when the forcing becomes too
high, another phenomenon appears...

In Fig. the reduced time between successive impacts At;/Togc 1S pre-
sented as a function of the reduced acceleration of the substrate. The frequency
of the forcing is set to v = 28 Hz, and the radius of the drop is R = 0.75 mm.
For low reduced accelerations, we can see that everything goes quite smoothly;
the drop bounces once per oscillation of the substrate. However, things get
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a little bit messy between I' = 1 and I' = 1.5 : the dispersion of the At;
increases. Above I' = 1.5, we see that most of the bounces have a duration
of two oscillations. We call these bouncing modes according to number of os-
cillation of the substrate £ and the number of bounces of the drop I occuring
in a period of the whole dynamic of the system, and this mode will be noted
(k,1). The mode below I' = 1 is then the mode (1,1) and the main mode
above I' = 1.5 is the mode (2,1). However, we also that some bounces seem
to have a duration of ~ 1.570sc and ~ 0.57y5.. This is a sign that some “big”
bounces are followed by “small” bounces. This is the mode (2,2). What hap-
pens between I' = 1 and I' = 1.5 is a transition between the mode (1,1) and
the modes (2,1) and (2,2). This transition is called a “bifurcation”.
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Figure IV.5: Reduced time between successive impacts At;/Tosc as a function of the
reduced acceleration of the substrate with v = 28 Hz and R = 0.75 mm.

Note that, most of the time, a non-linear system like this one finds a mode
by phase locking, and then, tends to stay in this mode if it is not perturbed.
However, in our case, the contact of the drop with the substrate induces os-
cillations. At low reduced accelerations, these oscillations simply consist in
a quadrupolar mode where the drop flattens, then elongates. However, at
higher reduced accelerations, other modes tends to appear as well perturba-
tions. These perturbations are not damped quickly because of the low viscos-
ity of water. As a consequence, the perturbated drop changes constantly its
bouncing mode.

A good example of a similar system where the drops are locked in modes
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and where perturbations are locked is the system first studied by Couder et
al. |9]. In this system, there is also a lubrication film under the drop. However,
this film is not fed, but renewed at each bounce, and the substrate is not hot
but is a liquid pool. In this system, things are very similar to what happens in
our system. However, a few differences have to be noticed. First, the substrate
deforms at least a little bit. Second, the liquids involved are usualy much more
viscous than water. And third, using this viscosity, small drops, and higher
frequencies, they are able to keep stable drops at larger reduced accelerations.

Denis Terwagne, during his thesis, measured the reduced time between
successive impacts At;/Tosc (noted AT in/T') as a function of the reduced ac-
celeration I' [13]. The result is retranscripted here in Fig. Increasing I,
different bouncing modes are observed... Much more different modes can be
identified compared to our system, but we can identify the mode (1,1) and a
bifurcation to a mode (2,2) around I" = 1.5. However, the mode (2, 1) is not
seen at these low I' but only above 2.5. Moreover, due to a high damping of
the parasite vibrations of the drop, in one experiment, the drop is locked in a
mode that is determined by the initial conditions.
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Figure IV.6: Reduced time between successive impacts At;/Tosc as a function of the
reduced acceleration of the substrate T', with v = 50 Hz and R = 0.445 mm. (Taken
from D. Terwagne’s thesis [13])

However, for the case of bouncing Leidenfrost drops, the use of viscous
liquids is not possible. When they reach their boiling point, liquids tends
to always reach viscosities that are of the same order of magnitude as the
viscosity of water. To our knowledge, no “viscous Leidenfrost effect” has ever
been reported.
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IV.7 A way to switch modes

Let us now consider drops of fixed initial radius, R = 0.75 mm, and a gentle
reduced acceleration, I' = 0.5. If one increases the frequency v, or in other
words, decreases Ty, as the contact time 7. is constant, there is a moment
where the drop will be in contact for more than one period of oscillation. So
the drop cannot be in a (1,1) any longer. In Fig. we plot the reduced
time between successive impacts At;/Tosc as a function of the frequency v.
For low values of T', it appears that the drop bounce in a (1,1), as expected
from what we saw at v = 28 Hz. However, above v = 40 Hz, we see a sudden
change. Between v = 45 Hz and v = 80 Hz, we see that the bouncing as
switched to a mode (2,1). Above v = 80 Hz, we see that there is again a
sudden change. The data are less clear, but it seems that they are still close
from At;/Tosc = 3, indicating a mode (3, 1).

4.0 . 1.0
3.5 I
0.8
3.0 | I ]
3 2.5 II E 0.6
£ o '
< 151 1F4 0.4
1.0 }
0 LR L 41 0.2
0.5
0.0 . 0.0
0 20 40 60 80 100
v (Hz)

Figure IV.7: Reduced time between successive impacts At;/Tose as a function of the
frequency of the substrate with T' = 0.5 Hz and R = 0.75 mm. The mean value is also
plotted as a guide for the eye.

In this experiment, as said previously, we used drops with a fixed radius
R = 0.75 mm. Such a drop has a contact time 7. = 13.9 ms. If we consider the
duration of an oscillation of the substrate at v = 40 Hz and at v = 80 Hz, we
get Tose = 25 ms and 7,5 = 12.5 ms. Then, in our case, when the contact time
becomes approximately larger than a half of the duration of an oscillation of
substrate, the mode switches, and when it becomes approximately larger than
a full period, the mode switches again.
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IV.8 Conclusions

In this chapter, we focused on the second field of interest related to Leidenfrost
drops : their mobility. We studied repeated impacts of drops on vibrated hot
substrates. The experiment is reminiscent of the experiments of the bouncing
ball and of the drop bouncing on vibrated liquid pools.

We demonstrated that the impact time is independent on the impact veloc-
ity and is close to the natural frequency of a drop oscillating in a quadrupolar
mode. This impact time being indenpendent on the parameters of the os-
cillation of the substrate, we showed that large drops cannot bounce for low
forcings if their impact time is larger than the period of the oscillation of the
substrate.

Moreover, we showed that an increase of the reduced acceleration of the
substrate leads to a bifurcation from a mode of bouncing where the drop
bounces once each oscillation of the substrate to more complex behaviors. For
reduced accelerations between 1.5 and 2.5, the drop tends to be in a mix be-
tween a mode with two different bounces each two oscillations, and a mode
with one large bounce each two oscillations.

Finally, it appears that for a fixed volume, increasing the frequency of
the oscillations also leads to a change of the bouncing mode where the drop
bounces once each oscillation to a mode with one large bounce each two oscil-
lations.
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Impact on a liquid pool

A way to not extinguish an o1l fire

V.1 Preamble

In Chapter [[TT, we saw that a drop can be deposited on a liquid substrate at
a temperature that is just above the boiling point of the drop and experience
a Leidenfrost effect. While explaining the experimental methods, we specified
that the drops were deposited “gently”. Indeed, when a drop was dropped
from a large height, we observed that the impact was not producing a Leiden-
frost drop, and the substrates seemed to be unaffected after the stabilization
of its interface. The point of this chapter is precisely to explain what happens
when the drop is not deposited gently.

The study of impacts on liquid pools (either impacting drops or impact-
ing solids) is an old issue and has seen a lot of improvements over the past
century since the pioneering work of Worthington and Cole [1]. The case of
superhydrophobic spheres is close from what we imagine at the first thought
of the impact of a Leidenfrost drop. Indeed, a Leidenfrost drop is a perfectly
non-wetting drop as stressed many times in this manuscript. We can then
imagine similar behaviors. Recently, the case of solid sphere impacts has been
extensively studied by Duclaux et al. and Aristoff et al. for constant-speed
and decelerating spheres respectively [2, |3]. In both case, the impacts exhib-
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ited various morphologies of impacts. The impact of the wetting properties of
these spheres by the liquid of the pool has also proved to be significant.

However, as explained, the Leidenfrost drops disappears when the impact
height is too high. This means that either the drop evaporates quickly, or the
drop merges with the substrate. In both cases, there is a contact between both
fluids which means that the Leidenfrost effect is suppressed. The situation is
then similar to the one produced by the impact of a drop on another liquid.
In this situation, the drop is perfectly wetting the substrate wether there is a
quick evaporation or a mix.

Thus, in this chapter, we describe how this transition between a perfectly
non-wetting state to a perfectly wetting state happens. We first present the ex-
perimental procedure. Then, we describe qualitatively the different behaviors
of the drop and of the substrate as the impact velocity of the drop increases.
After that, we describe the conditions for reaching the different behavior ob-
served. Finally, we describe quantitatively the different regimes and build
models for the description of the regimes themselves and for the transitions
between them.

V.2 Experimental details

The base of the setup was the setup used in Chapter [T} However, a few dif-
ferences can be noted. As one of the main control parameters is the velocity
of the impacting drop, Uy, we had to control the height at which the drop
was released. We used a vertical rail with a millimetric rule printed on and
with a syringe attached on the mobile part. Under the syringe, we placed a
liquid pool with a depth that was much larger than the depth of interest in
our experiments. Practically, the depth of the pool was between 20 mm and
40 mm. Also, in this chapter, as the typical time of an impact was about a
tenth of seconds, we used a fast camera with a side view and a frame rate
up to 5000 frames per second to capture the dynamics of the impact, either
to simply observe and determine the regime of impact, or catch the whole
dynamic.

In this chapter, we used the HFE-7100 as the liquid of the drops. This lig-
uid has the advantage to boil at a relatively low temperature (g, = 58.5°C),
and thus, to allow to explore larger range of temperatures than the ethanol.

As we explored the dynamic of a drop entering an oil pool, we expected
strong effects of the viscosity of the oil pool. Thus, we used various viscosities
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in these experiments. The oils are named V5, V20, V50 and V100 and their
measured viscosities at 25°C were measured in viscometer in a Couette geom-
etry, and were respectively 5.86, 21.2, 50.6 and 90.5 mPa.s. These viscosities
evolves with temperature T' following the empirical law

1 1
T) = n(T, B|l=-— V.1
o0 =n(tyexp (5 (5~ 7)) (v.1)
where Ty is the temperature of the reference. Temperatures have to be ex-
pressed in kelvins. B is an empirical factor and its value is 1683 K. That
empirical law is found in the datasheet of the silicone oils Rhodorsil 47 [4],
and is in good agreement with our measurements (see Fig. [V.1)).
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Figure V.1: Variation of the viscosity of one of the oils used (V100) with the temper-
ature. The points represent the measurements and the line is a fit by Eq. .

V.3 Qualitative observations

Four different regimes of impact can be distinguished. Before anything else,
let us describe them by their order of apparition when we increase the velocity
of the drop at the impact. In these first example, the experimental conditions
are kept constant except for the impact velocity : the radius of the drops is
R = 0.56 mm, the silicone oil is the V20 and the temperature of the pool is
T, = 100°C (AT = 41.5°C).
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Bouncing This first regime is what happens when you deposit a drop gently
on the hot pool to make a Leidenfrost drop like those observed and described
in Chapter [[TI} The drop approaches the substrate, begins to deform it, eventu-
ally forming a column if the drop penetrates deep enough. Then, the surface
tension of the pool tends to diminish the size of the cavity that is formed.
That propels the drop that further comes back with less energy because of
dissipation. After a few numbers of bounces (typically, one or two), the drop
stabilizes as a drop in Leidenfrost on a liquid pool. Figure shows a top
view (a) and a side view (b) of this bouncing phenomenon. The impact veloc-
ity is 0.5 m.s~! in both cases, and the interval between the frames is 10 ms in
(a) and 4 ms in (b).

Figure V.2: HFE-7100 drops bouncing on a pool of silicone oil. (a) Top view and (b)
side view showing a drop with radius R = 0.56 mm impacting a pool of silicone oil
V20 at a temperature T,, = 100° C. The impact velocity is 0.5 m.s~' and the interval
between the frames is 10 ms in (a) and 4 ms in (b).

Antibubble When a similar drop impacts the pool a bit faster, the column
formed by the impact of the drop may deform between the drop and the level
of the undeformed surface and pinch-off. When this pinch-off occurs, the drop
is surrounded by a complete film of vapor that is a mix of some air and some
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vapor of HFE-7100. This film is very thin at the beginning (about the typical
size of the film under a Leidenfrost drop), but expands quickly due to the
evaportation of the drop that is surrounded by the hot oil. Figure [V.3] shows
a snapshots of a sideview. The impact velocity is larger than in the bouncing
regime and is Uy = 0.75 m.s L.

Figure V.3: Side view of a drop of HFE-7100 impacting on a pool of silicone oil and
forming a thermal antibubble. The drop has a radius R = 0.56 mm and impacts a pool
of silicone oil V20 at a temperature T, = 100° C. The impact velocity is 0.75 m.s~1
and the interval between the frames is 4 ms.

This phenomenon is reminiscent of the antibubbles first studied by Dor-
bolo et al. . Jets of soapy water entering a pool of the same fluid can entrain
some air, form a column that destabilizes at a point. That entraps a liquid
drop in a thin layer of air that is itself surrounded by the liquid of the pool.
Even though the phenomenon has been studied, there is still some ongoing
research about some specificity of the impact of the physico-chemistry of the
interfaces of these objects on their lifetime [6]. Indeed, these objects should
not last long if you consider that you have a drop falling into a gazeous phase.
However, due to the nature of the interfaces between air and soapy water, the
drainage takes a long time and the lubrication is able to prevent the coales-
cence of the drop with the surrounding pool.

In our case, the situation is slightly different. Drainage is much more effi-
cient, but the film under the drop is fed just like in the usual Leidenfrost effect.
In a way, we have a kind of a thermal antibubble. This thermal antibubble is
initially more dense than the liquid of the pool because of the density of the
HFE-7100 (pg = 1400 kg.m~3). Thus, the antibubble tends to sink. However,
as the drop inside the antibubble is evaporating, the global density of the ob-
ject decreases and the antibubble finally comes back to the top of the pool.
The time for such a drop to come back to the surface is typically of the order
of a second.
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Film breaking The third regime appearing when the impact velocity is
even more increased is very similar to the antibubble regime. Indeed, when
the pinch-off occurs, a little wave is emitted where the film closes, at the top
of the antibubble. When the impact velocity is sufficient, this wave can dis-
rupt the vapour film surrounding the drop. If that happens, the oil wets the
drop inside the antibubble, and the drop begins to evaporate quickly and some
bubbles appear. However, everything is not clear as a part of the drop seems
to sink in the pool without boiling. The impact velocity is larger than for the
bouncing and antibubble regimes, and is Uy = 0.9 m.s~!. A snapshot is shown
in Fig. [V.4] with an interval between the frames of 4 ms.

Figure V.4: A thermal antibubble is destroyed by the rupture of the vapor film by a
wave emitted at the pinch-off. The drop has a radius R = 0.56 mm and impacts a
pool of silicone oil V20 at a temperature T,, = 100° C. The impact velocity is 1.5 m.s~*
and the interval between the frames is 4 ms.

This regime is a transition regime between the antibubble regime, and
the last regime (direct contact regime), and has not been extensively studied
because of its complexity that requires a deep understanding of the pinch-off
mechanism, of the wave generation, and of the geometry of the vapor film in
a dynamic situation. This is far beyond the scope of the present thesis.

Direct contact Finally, for the largest velocities, the dynamics is very dif-
ferent. Indeed, when the drop approaches too fast, the drop has no time to
generate a vapor film and touches immediately the pool. Doing so, the drop
tends to wet the surface of the pool at the same moment when its kinetic
energy is released in this surface. The energy release creates a cavity that is
almost hemi-spherical and that is completely similar to those created by the
explosion of firecrackers at the surface of liquid pools . While this cavity is
created, the drop spreads inside. When the cavity finally retracts, the drop
leaves a flower of liquid HFE-7100 where some bubbles are sometimes created,
and that latter sinks to the bottom of the pool. However, just as in the film
breaking regime, most of the HFE-7100 that stays in the pool tends to sink.
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In Fig. [V we show a snapshot of such impact with an interval between the

frames of 4 ms and an impact velocity Uy = 1.2 m.s~!.

Note that this phenomenon is really similar to what happens when one
tries to extinguish a fire on an oil pool with water. The kinetic energy is such
that the water penetrates the pool, leading to rapid evaporation and bubbles
of vapor popping at the surface of the pool, ejecting droplets of burning oil.

Figure V.5: A drop impacts the pool too fast to allow the creation of a vapor film, and
thus directly contacts it. The drop has a radius R = 0.56 mm and impacts a pool of
silicone oil V20 at a temperature T, = 100°C. The impact velocity is 1.2 m.s~1 and
the interval between the frames is 4 ms.

Based on that, the following can be divided into three parts. First, we
give the range of parameters (superheat and Weber number) in which these
phenomenons are observed through phase diagrams. Second, we give the dy-
namic description of the different regimes, i.e. how the drop penetrates, how
the cavity expands, how the drop behaves... Third, we explain what are the
key elements that leads to the transitions from one regime to another.

V.4 Phase diagrams

In our experiments, the most important dimensionless number that we can
build is the Weber number. Indeed, the Weber number compares the kinetic
energy of an element of the system to the energy of the deformation of an
element of the system. However, the one we use is not the common one. Quite
regularly, the Weber number is meant to characterize the deformation of the
drop during an impact. In most of the cases we studied, the drops are small
and their speed is not sufficient to deform them a lot. The liquid substrate
is much more affected by the impact. Thus, what we want to compare is the
kinetic energy of the drop Ej o de3Ug and the energy associated to the
deformation of the pool. This energy, for a deformation of a typical size of R,
the radius of the drop impacting, scales as Fy 'pr2. The Weber number
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writes
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Tp '

We = (V.2)

We saw previously that increasing the impact velocity leads to different
regime. Thus, we can associate a threshold We for each transition from one
regime to the other. However, as the Leidenfrost effect is involved in these
impacts, we expect a priori that the threshold Weber numbers for the tran-
sitions between the different regimes change depending on the temperature.
In Fig. we plot the threshold Weber number above which we observe the
antibubble regime (blue dots - We, ), above which the antibubble regime turns
into the film breaking regime (green dots - Wer 1, ), and above which the direct

contact regime takes place (red dots - Weq..), as a function of the superheat
AT.
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Figure V.6: Threshold Weber numbers associated to the transitions between the four

regimes of impact as a function of the superheat AT. The drops are made of HFE-
7100 and have a radius R = 0.56 mm. The pool is made of silicone oil V20.

We see that the higher temperature, the lower is the minimal Weber num-
ber to get an antibubble, even though the decrease is quite slow. At the
opposite, to have a direct contact between the drop and the pool, the higher
is the temperature, the higher needs to be the Weber number.

Although this kind of phase diagrams is very intuitive and gives a good
idea of the range of parameters for which the different phenomenons are ob-
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Figure V.7: Threshold Weber numbers associated to the transitions between the four
regimes of impact as a function of the superheat AT. The drops are made of HFE-

7100. (a) Radius of the drop R = 0.56 mm and silicone oil V100. (b) Radius of the
drop R = 0.73 mm and silicone oil V20.

served, they are not universal. If we change the viscosity of the pool, or the
radius of the drop, the phase diagram changes quite a lot. Indeed, in Fig.
we plot the same plot as in Fig. with the same experimental parameters
except for the oil of the pool (silicone oil V100) in Fig. [V.7(a), and for the
radius of the drop (R = 0.73 mm) in Fig. [V.7(b). The result is clear: the
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limits between the different regimes can change drastically, some regimes may
even disappear and some are not present at any superheat.

Thus, we see that we cannot handle the mechanisms behind the transi-
tions through phase diagrams, and make the data collapse on single curves for
each of these transitions. To understand what are the key ingredients of the
transitions, we first have to describe quantitatively the different regimes.

V.5 Description of the regimes and of what drives
the transitions

V.5.1 Bouncing on a pool

To understand the interaction between the impacting drop and the pool in the
bouncing regime, we have to look at the deformation of the pool. Especially,
we are interested in the vertical position of the point of the surface that is
just under the drop, where the deformation is the maximal. Following the
notations of Chapter m, we note this deformation ecenter- In Fig. [V.§(a), we
plot this deformation as a function of time. The oil used is a silicone oil V20 at
T, = 82°C (equivalent to a superheat AT = 24°C). The radius of the drop is
R = 0.56 mm and the impacting velocities are included between 0.195 m.s~!

0.0

1.0 | .-\"-._,.-f"-.-_ ]

-1.5 .

Ecenter (mm)

2.0 .

-2.5 t .

-3.0 . . . .
0 5 10 15 20 25
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Figure V.8: Position of the surface below the drop during an impact in the bouncing
regime. The impact velocities are comprised between 0.195 m.s~! (dark blue) and

0.359 m.s~t (light red), the drop radius is R = 0.56 mm, and the pool is made of
silicone oil V20 and is at T, = 82°C (equivalent to AT = 24°C).
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(dark blue) and 0.359 m.s~! (light red).

From these curves, there are two observables that we can extract: the
maximum depth reached by the drop zm.x and the time to reach this depth
tmax. In Fig. we plot these two quantities as a function of the Weber
number of the impact, for impacts on a pool of silicone oil V20 with drops
of radius R = 0.56 mm. We show that both zy,.x and tn.x increase while
the Weber number increases. Moreover, the lines in Fig. [V.9|(a) are linear fits
of the data for the three different temperatures. We then have a correlation
Zmax = a + b/ We. This is coherent with the fact that a drop just above the
surface of the pool with an impact velocity Uy = 0 m.s~! still penetrates the
pool as shown in Chapter Moreover, it appears that &’ = b Oh~%/3, with
b = 0.019 mm. The highest is the kinetic energy of the drop, the lowest is
the viscosity and the surface tension, the deepest the drop penetrates the pool.

To model the impact of these drops in the Leidenfrost state, we have to
make a few assumptions. The drop is assumed to stay spherical during the
collision, and the variations of the thickness of the vapor film (that is of the
order of 10 um) are negligible in front of the radius of the drop (of the order of
1 mm). Then, we have simply that the position of the bottom of the drop zpet
is equal to the postion of the lowest point of the surface ecepnter, and the center
of mass of the drop zcw is the postion of the lowest point of the surface ecenter
plus a shift corresponding to the radius of the drop R. In a very general way,
the equation of motion of the interface while the droplet penetrates the pool
can be written as

2
(Md+Madd) ddigot = My, g+F7+Fd+Fb (V?))
with My and M,4q being respectively the mass and the added mass of the
drop, and the four forces acting on the drop being the weight, the surface
tension force that resultates from the deformation of the pool, F,, the drag
force due to inertial and viscous friction, F,;, and the buoyancy force caused
by the formation of a cavity made of air, vapor and the drop, F;. Let us
describe the three last forces. First, the surface tension force generated by the
deformation of the pool can be approached with a linear spring model. This
leads to a force F, = —7ypecenter- Gilet and Bush showed that this linearity of
the force with the displacement of the interface stays valid until a pinch-off in
the case of a drop impacting a soap film [8]. Second, the drag force is probably
the most complex to describe. This drag force on an object that evolves in a
fluid is not as simple as the Stokes force when the object is a fluid object [9].
Here, the situation is even more complex as a drop is surrounded by a thin
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Figure V.9: (a) Mazimum depth reached by the drop zmax and (b) time to reach this
depth tymax in the bouncing regime on a pool of silicone oil V20 at three different
temperatures, for a drop of radius R = 0.56 mm as a function of the Weber number.
(a) The lines corresponds to linear fits of the data for the three different temperatures.

layer of gas, and the whole object penetrates an interface. However, we can
write this force as

1 . :
Fa=—5pp TR Cy 2vot |2bot| (V.4)

with Cy being the drag coefficient. Generally speaking, this coefficient depends
on the Reynolds number Re = p,R|zpot|/1p. However, this dependency is not
trivial. Here, we assume that the object that penetrates the pool is a bubble
of radius R. This is true in the sense that there is always a gas layer between
the drop and the pool in this regime. For such object 9], the drag coefficient
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takes the form

8

Cd:%

+ (Pile +% (1 + 2;%))_1] : (V.5)

The last force is the buoyancy. Assuming that the cavity created is a
cylinder of radius R and depth 2z}, the buoyancy force can be expressed as
Fy = ppmR?2p0tg. Combining all these forces, Eq. (V.3]) becomes

(Md + Madd) Zhot = My g = Ypcbot
Lo o 2 (V.6)
- QPPT"R Ca 2vot|2bot| + pp TR"G zbot -

The added mass can be expressed as M,qq = CpnpMg, with C,, being
the added mass coefficient and p = p,/pq being the ratio of densities. This
coefficient has a value depending on the geometry of the problem. In our case,
we follow the case of an hydrophobic sphere entering a water pool, studied by
Aristoff and Bush [10]. We then define the ratio between the mass of the drop
and the sum of the mass of the drop and its added mass, Cy = 1/(1 + pCp,),
and the characteristic capillary time of a drop of the liquid of the pool 7, =

VAT R3p,/37,. Dividing all terms by the factor My + Myqq, we get

« -~ Y
. p Cy 3gp Cy
Zbot = Cy g— 5 Zhot 1 5~ “bot
TS 4R

(V.7)

In this equation, the blue, green, yellow and red terms are respectively the
gravity, surface tension, buoyancy, and friction terms.

In Fig. we show the results of this model compared with experiments
for a pool of silicone oil V20 and a drop of radius R = 0.56 mm. The lines
come from the integration of Eq. without any adjustable parameter. As
boundary conditions, we use z(0) = 0 and 2(0) = Up, the impact velocity, ex-
tracted from linear fits of the early times of experimental data. The agreement
is not really satisfactory even though the orders of magnitude of the maximum
depth reached by the drop znax and the time to reach this depth t,.x resulting
from the model are the same as the ones found experimentally. Especially in
the case of the time to reach the maximum depth, the tendency is not cor-
rect. Indeed, this time decreases when the impact velocity increases, in the
theory, while we observe an increase in the experiments. This is illustrated in
Fig. where we show (a) —zmax as a function of the impact velocity and
(b) tmax as a function of the impact velocity. The points represent different
experiments. The curves represent the prediction of the model obtained by
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integrating numerically Eq. (V.7) for different values of Up.

If we try to guess where the deviations come from, we have to understand
the role of the different terms. The main term is the surface tension term.
If this term was the only one, the time t,,,x would be constant and propor-
tionnal to 7,. At least, it is the case for a force linear with zp.t. However,
this force should deviate from this linearity for large deformations of the pool.
Our model seems to give better predictions at high impact velocities where
the non-linear effects should be the most significant. Thus, the non-linearities
of the surface tension do not seem to be our problem. The buoyancy term is
also linear in zp. Thus, taking the buoyancy term into account also gives a
constant tymax. That value is represented by the dashed line in Fig. [V.9(b).
We observe that the order of magnitude of this value is in agreement with our
measurements.

Nonetheless, the influence of the two other terms (gravity and friction) is
to induce a decrease of the time to reach the max depth when the impact
velocity is increased. However, their actions are disctinct. At high impact
velocities, adding the gravity term does not change the tendancy given by the
surface tension and buoyancy terms. However, at low velocities, higher values
are found for t,.¢. At the opposite, adding the friction term does change the
trend at low impact velocities, but reduces tax at high impact velocities.
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Figure V.10: Position of the surface below the drop during an impact in the bouncing
regime. The impact velocities are 0.195 m.s~* (dark blue) and 0.359 m.s~1 (light red),
the drop radius is R = 0.56 mm, and the pool is made of silicone oil V20 and is at

T, = 82°C. The model is represented without any adjustable parameter by the plain
curves.
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Figure V.11: (a) Mazimum depth reached by the drop zmax and (b) time to reach this
depth tmax in the bouncing regime on a pool of silicone oil V20 at T, = 82°C, for a
drop of radius R = 0.56 mm, as a function of the impact velocity. The lines represent
the zZmax and tmax Tesulting from the numerical integration of Eq. while the
points are experimental data.

Thus, none of these terms, as they are written there, can lead to an increase
of the time to reach the max depth when the impact velocity increases. The
weight term is quite obvious and cannot be modified. The only possibilities
that we have are the modification of the buoyancy term to take into account
a more complex deformation of the surface, but this can be hardly expressed
in terms of analytical functions, and the modification of the drag coefficient
to take into account the fact that the drop penetrates an interface and is not
a bubble, but a drop surrounded by a vapor layer on its lower front.
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V.5.2 A pinch-off for an antibubble

When an antibubble forms, the beginning of the impact is exactly the same
as one in the bouncing regime: the drop creates a cavity that has the shape of
a column. Of course, such a column is not stable because the surface energy
and the potential energy are increased compared to an unperturbed surface
of the pool. Moreover, when a long column of a fluid is immersed into an-
other fluid, we can expect that a Rayleigh-Plateau-like instability occurs and
destabilizes that column, leading to a pinch-off. In this phenomenon, there is
no apparent reason that the temperature should play a role. Typically, in the
non-viscous case, only the size of the column determines the wave length of
the instability [11]. In this process, the role of the drop is to create the cavity,
not to destabilize it.

Here, we assume that the column destabilizes when its height, zp.x, is
above the selected wavelength in the viscous case of the Rayleigh-Plateau insta-
bility. The associated wave number has been calculated by Chandrasekhar [12],
and is given by

1 1
kmax = —= (| ——————— V.8
R \/ 2418 Oh V-8

where Oh is the Ohnesorge number, which is defined by Oh = 7n,/\/ppVpR.
This number compares the surface tension effects with the viscous effects. In
our case, Oh is always smaller than 1 and the viscous correction in Eq.
is always small, but non-negligible. As we assume that we have a single wave
length between the surface of the pool and the depth of the cavity at which we
observe its destabilization. Then, we can identify kmax = 27/2max, and find

zmaxzzm/iRMH\%Oh. (V.9)

In Fig. we show the maximal depth reached by the surface of the
pool zmax as a function of the second term of Eq. . Data are shown for
pools of two different oils (V10 and V20) and for various temperatures 7).
We also represent the data for drops of size R = 0.74 mm (large drops) and
R = 0.56 mm (small drops). We see that the data collapse on one single curve,
but the prefactor is half of the expected one. This deviation may have several
origins among which the finite size of the column and the fact that the outer
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Figure V.12: Threshold depth reached by the surface of the pool before the transition
to the antibubble regime, zmax, as a function of the radius of the drop R, corrected
by a factor coming from the resolution of the Rayleigh-Plateau problem with a viscous
filament.

fluid is denser than the inner fluid of the column.

Note that we only did experiments with a small range of sizes of drops
(around the capillary length of the liquid) due to the way they were made (us-
ing a syringe). Moreover, as the viscous correction in Eq. is quite small,
the interpretation of the destabilization of the column by a viscous Rayleigh-
Plateau instability must be taken with care.

As explained in Sec. in the bouncing regime, we found the experi-
mental correlation

— Zmax = a + bOh™%/3 We . (V.10)

Thus, combining Eq. (V.9) and (V.10), one finds out a semi-empirical law
for the threshold value of the Weber number above which the impact of a
Leidenfrost drops creates an antibubble.

2/3
We:% [WﬂRHl—F;ﬁOh_a] (V.11)

To test this result, in Fig. we plot the threshold Weber number We,,
as a function of the Ohnesorge number of the pool Oh. We show the data for
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Figure V.13: Threshold Weber number above which antibubbles are created We, as a
function of the Ohnesorge number of the pool Oh for three kinds of oil and various
temperatures. The green curve is the plot of Eq. .

three different oils (V5, V20, and V100) and for various temperatures between
T, = 60°C and T, = 160°C. Additionally, we plot the curve of Eq. (V.11))
using the values of a and b found for the case of drops

V.5.3 The life of thermal Antibubbles

In the antibubble regime, the drop spends most of its time encapsulated in a
growing bubble of vapor. Because of the high density of the HFE-7100 and
the impact velocity, the antibubble tends to first sink. Then, as the antibubble
grows and as the global density of the object decreases, the antibubble goes
up to the surface. This is represented in Fig. a drop of R = 0.56 mm
creates an antibubble in a pool of silicone oil V20 at T}, = 119°C. The first
image corresponds to the moment of the pinch-off. The scale bar represent 5
mm and the interval between the frames is 15 ms.

In Fig. we show the measured vertical trajectories of the center of
mass of antibubbles zcy. These antibubbles are created by drops of radius
R = 0.56 mm, with three different impact velocities (see legend). The pool is
made of silicone oil V20 at 7T}, = 160°C. Note that the temperature is mea-
sured at the top of the pool. However, small thermal gradients exist in the
pool. Typically, at the lowest point reached by the antibubbles, the temper-
ature may be up to 5°C above the temperature of the top of the pool. In
the following analysis, we neglect that small gradient (~ 0.5°C.mm™!) that
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Figure V.14: A snapshot of an antibubble created by impacting a drop of HFE-7100
with radius R = 0.56 mm on a pool of silicone oil V20 at T}, = 130° C' with an impact
velocity Uy = 0.48 m.s~'. The scale bar represents 5 mm and the interval between the

frames is 15 ms.

induces only small variations of the physical characteristics of the silicone oil.
In Fig. we see that drops impacting with higher velocities reach higher
depths. This is due to the fact that the residual velocity that they keep after
the pinch-off is higher.
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Figure V.15: Experimentally measured vertical trajectories of three thermal antibub-
bles made drops of radius R = 0.56 mm, with three different impact velocities, in a
pool of silicone oil V20 at T,, = 160°C.
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These trajectories are complicated to fully modelize. Indeed, one has to
understand how the drop evaporates to know how the buoyancy acts on the
antibubble. However, the problem of the evaporation of a thermal antibubble
is already complicated because the drop evaporates in an environment satu-
rated in vapor, where the geometry of the heat source is not trivial (the shape
of the bubble around the drop evolves with time and is affected by the size
of the drop inside and by the velocity of the antibubble in the surrounding
fluid). This complicated study is beyond the scope of this thesis.

Even though integrating the evaporation of the drops inside the antibub-
bles in a model is quite complicated, we can still elaborate a model where
the evolution of the volume of the antibubble V,(t) is not predicted but mea-
sured. Assuming that the volume of the drop does not change significantly
during the delay time between the impact and the pinch-off, and that the
initial vapor layer has a negligible size compared to the radius of the drop,
we have V,(tpo) = Vo = 4mR3/3 at the moment of the pinch-off ¢,,. Thus,
by measuring the volume of the antibubble V,(¢), we can deduce the global
density of the antibubble at any moment. Indeed, assuming that the mass of
the antibubble is conserved (i.e. that the vapor of the HFE-7100 does not
mixes in the silicone oil), we have

Va (tp.o.)
Va(t)

and the combination of the buoyancy force and of the weight at any mo-
ment can be simply written as

pa(t) = pa (V.12)

Fg + Fy = (pa—pp) Vag- (V.13)

To these forces, we still have to add a friction term, just like for the de-
scription of the bouncing regime. We take exactly the same force. Finally, the
added mass has to be considered. In the case of a bubble rising in a fluid, this
added mass has been expressed by Zhang et al. [13|, and using the same drag
force and the same formalism as in the previous section, we have finally the
equation

. ™ .
(Mg + Maaa) 2EM = (pa — pp) Va g — §R2PpCDZCM\ZCM| (V.14)

that can be developed into

. 7T .
(Vo pa + Cm Vi pp) 2ém = (Vo pa — Va pp) 9 — §R2ppCDZCM\ZCM! (V.15)
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where the added mass coefficient C},, = 0.5, and the drag coefficient is the one
previously used. Introducing in this equation the values measured for V,(t)
and R,(t), the volume and the radius of the antibubble (that plays a role in
the drag coefficient because of its dependency on the Reynolds number), we
can compare the consistency between the measured acceleration of the drop,
and the theory. This is shown in Fig. (a) where the red curve represent
the experimental data (R = 0.56 mm, silicone oil V20 at T}, = 119°C), and the
blue curve represent the theory: the agreement is quite good. In Fig. (b),
we show the detail of the two terms ay + a; and aq, i.e. the forces F,, + F;, and
F,; divided by My + M,44, and their sum. We see that when the discrepancy
between the model and the theory is the largest, around ¢ = 350 ms, the two
terms should almost compensate for each other, while they are at their largest
values. Considering this, we understand that a slight error in the estimation
of one the terms leads to a noticeable deviation.

(a) (b)

5 5
Experiments o Total
4+ e  Theory 4+ ay +a,
3| 3p
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Figure V.16: (a) Comparison between the measured acceleration of an antibubble (in
red), and the value predicted by the theory from the measured V,(t), R(t), and Zcm
(in blue). (b) Detail of the influence of the weight and buoyancy (in green) and of
the drag force (in purple) in the model for the total acceleration of the antibubble (in
blue).

The origins of the discrepancies may come from the non-spherical shape
of the antibubble. Indeed, the drag force depends on the Weber number
associated with its movement (We = p,R:A;/7p) [9]. However, due to the
drop inside the bubble, the theory developed in this paper of Loth et al. can
hardly be used in our case, because the presence of the drop modifies the shape
of the surrounding bubble as shown in Fig. [V.14]
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V.5.4 Too fast to blow

Finally, the transition towards the direct contact regime is driven by a compe-
tition between the production of vapor in the Leidenfrost effect and the impact
velocity. Therefore, we expect the property of the pool to play no role at the
first order because the evaporation of a Leidenfrost drop is not affected by any
of the properties of the substrate except its temperature. In Fig. we plot
the threshold Weber number above which a direct contact between the drop
and the pool is observed at the impact, Weq ., as a function of the superheat
AT for three kinds of silicone oil (V5,V20, V100). We observe indeed that the
curves are not much affected by the viscosity of the pool. However, for large
viscosities of the pool, the threshold Weber number is slightly larger.

80
60 | 4
Sf 40 } e o l
S S
20 1
V5 °
P V20
0 . . . V100
0 20 40 60 80 100 120

AT

Figure V.17: Threshold Weber number above which a direct contact is observed Weq ..
as a function of the superheat for three kinds of oil.

The question of the understanding of what leads to a direct contact may be
formulated in another way: what is the impact of the We number on the Lei-
denfrost Point. And this question is far from being well understood, even on
solid substrates. Contradictory conclusions have been drawn in the literature.
Tran et al. have shown that the absence of any contact during an impact of
a drop on a superheated silicon wafer depends on the temperature [14], while
Staat et al. (mostly the same team) has shown recently that the Leidenfrost
Point depends weakly at most on the Weber number |15]. Both studies as well
as the transition showed in Fig. indicates clearly that the creation of a
stable vapor film between an impacting drop and a hot substrate is far from
being obvious.
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An interesting parameter that controls the evaporation in the Leidenfrost

effect is the evaporation number, &£, introduced previously in Sobac’s model
(see Chapter [I).

Ay Ny AT

g:'YPvéc‘C

(V.16)
In our case, the direct contact occurs when the evaporation is not sufficient
to slow down the drop before a contact between the drop and the surface of
the pool occurs. We can then plot the threshold Weber number above which
a direct contact is observed as a function of the evaporation number. This
is done in Fig. for drops of HFE-7100 (R = 0.56 mm - red circles) and
drops of ethanol (R = 0.87 mm - blue squares) impacting on a pool of silicone
oil v20. We see that for each liquid, the threshold Weber number increases
with the evaporation number, and two different regimes can be distinguished.
The first one follow a scaling law Weq ¢ o EY8. In that regime, the data for
the HFE-7100 and the ethanol collapse on a single curve. The second regime
does not contain enough data to extract a scaling law.
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Figure V.18: Threshold Weber number above which a direct contact is observed Weq ..
as a function of the superheat for three kinds of oil.

V.5.5 Cavities in the Direct Contact regime

Thus, when a drop impacts the pool with a velocity that is too high, the vapor
film is not created fast enough to prevent contact between the drop and the
pool. In that condition, the kinetic energy of the drop is transfered to the
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pool. That leads to the formation of an hemispherical cavity. Benusiglio et al.
studied the formation of similar cavities created by the explosion of firecrack-
ers at the surface of water pools |7]. We believe that the mechanism is similar
here: the kinetic energy of the drop is quickly transfered to a point of the
surface of the pool.

The Reynolds number associated with the flows in these impacts is typi-
cally of the order of 102. Thus, the dissipation is dominated by inertia more
than by viscosity. Moreover, gravity dominates quickly the surface tension ef-
fects as the size of the cavity increases. More precisely, the gravity dominates

when the potential energy, % ,opngnax becomes larger than the capillary energy,

2vz2 . i.e. when zmay becomes larger than \@&;p. In our case, this condition

max?
is always satisfied. The conservation of the energy can then be written as
1 4
Ep = Qpp Zmax 9 - (V17)

where E}, is the kinetic energy of the incoming drop. By replacing Ej by its
expression, we obtain an expression for the max depth of the cavity.

1 4n 1
5Pi 5 B UG = 50p 2nax 9 (V.18)
14
T, =75°C
12 | T, = 140°C e

_ZmaI/R

Figure V.19: Maximum depth of the cavities created by impacts of drops of radius
R = 0.56 mm, normalized by this radius, as a function of p—' Fr, up to a factor. The
experiment is done on a pool of silicone oil V100 at two different temperatures. The

dashed line is a guide for the eye and represent Eq. .
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We can rewrite this equation in a dimensionless form using the Froude
number, Fr = UZ/gR.

1/4
Zmax 4
= — Fr V.19
z (3 P ) (V.19)

In Fig.[V:I9] we show the first term as a function of the second one for im-
pacts on a pool of silicone oil V100 at two different temperatures (7}, = 75°C
in blue; T), = 140°C in red). We see through fits (continuous lines) that the
relation is indeed linear. However, the prefactor found by fits is 1.7 times
smaller than the one expected.

V.6 Conclusion

In this chapter, we investigated the dynamic limits of the situation depicted
in Chapter [[T]l Drops impacting a liquid substrate hotter than the boiling
point of the drop does not always lead to the Leidenfrost state: a drop with
too much kinetic energy eventually ends evaporating quickly after contacting
the hot substrate, which is equivalent to a suppression of the Leidenfrost state.

Moreover, these impacts have shown unexpected behaviors, between the
case of bouncing Leidenfrost drop, and the violent evaporation of a drop im-
pacting too fast. A drop that evaporates enough to maintain a vapor layer
can form a thermal antibubble if the drop penetrates deep enough in the pool.
These thermal antibubbles are composed of a Leidenfrost drop surrounded by
its own vapor in the surrounding hot fluid of the pool. These objects are par-
ticularly fragile in the first moments of their life when the vapor layer around
the drop is thin, and the pinch-off that close the cavity made by the impact
can destabilize this vapor layer.

These different regimes (the bouncing regime, the antibubble regime, the
film breaking regime and the direct contact regime), when they are present
for a set of parameters, always appear in this order as the impact velocity
increases. However, when the pool is highly viscous, the film breaking regime
tends to disappear, as well as the antibubble regime at low superheats.

We also showed that the movement of the antibubbles in the pool are well
described by a semi-empirical model that considers an object of variable den-
sity submitted to its weight, buoyancy, and a drag force. The drag coeflicient
of a spherical bubble in a fluid gives a reasonnable agreement with the ex-
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periments. However, the evaporation of such an object reveals itself to be
very complex, notably because of the deformation of the vapor pocket by its
movement in the surrounding fluid and by the presence of the drop inside.
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Interactions with granular material
Wrap a drop

VI.1 Preamble

For decades now, drops are in the highlights for their ability to act as micro-
reactors. They are vessels in which many things can happen in a controlled way
like mixing [1], chemical reactions [2], or deposition [3|. This latter famous ex-
ample, the so-called coffee ring effect, and the hundreds of studies that followed
about organisation and deposition of particles by evaporating drop [4, 5] have
more than numerous implications on the industry (inkjet printing [6], lab-on-
a-chip devices and microfluidics, agriculture...). This example indicates that
Leidenfrost drops as a huge potential for organizing particles, and in general,
interacting with them. Indeed, Leidenfrost drops have a really interesting fea-
ture that is not found in others drops: they are contactless. That means that
you can avoid some of the contamination that occurs while moving a drop on
a substrate. That also means that you have no contact line, which is a key
factor in many applications of drops (either with benefits or disadvantages).

However, there is only a few papers that have been written on the subject
of the interactions of Leidenfrost drops with micro or nano-particles. But the
field seems rich in terms of suprises. For example, Tsapis et al. showed that
nanoparticles in Leidenfrost drops were able to agregate in shells [7]. The
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mechanism behind this specific behavior is the slow diffusion of the particles
that are thus unable to homogeneize quick enough in the bulk of the drop while
evaporating. The result is an elastic shell that ends up buckling when the drop
ends its evaporation. Another surprising effect is the deposition of nanopar-
ticles due to the Leidenfrost effect. Indeed, a drop loaded with nanoparticles
moving on a substrate can leave a part of its content on the substrate [g].
Even salts disolved in the drops seems to be able to reach the vapor phase and
react on the surface to form nanoparticles . This deposition can result in
nanowires that could possibly be functionnalized, e.g. to be conductive. These
drops have also shown to be very efficient at forming gold nanoparticles, or
forming and depositing coper oxyde nanorods or zinc oxyde nanoparticles on
grids with a remarquable reproducibility ﬂgﬂ

Figure VI.1: A centimetric Leidenfrost drop made of water covered by glass beads of
mean radius Ry = 150pm on a substrate at Ty, = 300°C. The dots inside the beads
are due to the refraction of the light coming from the beads on the other side of the
drop.

In the light of all these possibilities, it seems pretty obvious that the best is
still to come. However, on the range of all the particles that can be used, only
a small part has been used. Up to now, a few salts and a few types of nanopar-
ticles have been used. No particles larger than 100 nm were used. However,
the size of usual Leidenfrost drops goes from 1 mm to 10 mm. So what about
particles from 100 nm to 100pm ? In Fig. VLI, we see a Leidenfrost drop
covered by glass particles. In this chapter, we focus on the characterization of
these kind objects.
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First, we observe how such particles behave when they are put in Lei-
denfrost drops. When does a form of organization emerge 7 Where are the
particles located 7 Second, we investigate the effect of the presence of particles
in the drops on the evaporation of the drops and on their shape 7 Finally, we
describe the objects resulting from the complete evaporation of the drops.

A large part of these results have been the subject of a publication [10].

VI.2 How to wrap a drop

In this experiment, we use a classical substrate, i.e. a polished aluminium
plate. This plate was a disc about 100 mm large and 10 mm thick. The sub-
strate that we used was slightly curved in order to confine the drop (radius of
curvature ~ 5 m).

The beads that could be used were constrained by a major aspect related
to the Leidenfrost effect : the high temperature needed to reach this state.
Especially, since we used water, and since the Leidenfrost Point of water is
above 200°C on polished aluminium, the beads had to be resistant to these
high temperatures. The various types of beads that were used are listed in
Table [VI.I] The main experiment was done with the types I to III. The type
IV has the advantage that the beads are made of basalt, which is opaque and
enables a better visualisation of the beads.

Matter Density (kg/m3) Radii range (nm) ©y4

I Glass 2500 20 — 35 -

II  Glass 2500 45 — 75 26° + 3°
IIT  Glass 2500 100 — 200 31°£9°
IV  Basalt 2900 53 — 62.5 30° £ 3°

Table VI.1: Physical properties of the different types of beads used in the experiments.

In this table, we also report the contact angle of these beads with bidis-
tilled water. These measurements were done with the visualization of beads
floating at the surface of water in a large container. A side view of a basalt
bead is shown in Fig. [VI.2] Fitting circles on the lower image of the bead
and on the higher image (reflection on the surface of the water) allowed to
get the contact angle ©. This method is only possible for small objects, for
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which the deformation of the liquid-air interface is negligible . Hereafter,
we note ©4 the angle measured by this direct visualization. However, it was
not possible to get the contact angle of the smallest beads with this method
even with a microscope. The contact angles we measured for the type II to
IV were between 26°C and 31°C. Thus, the beads are hydrophilic even though
they are able to float [12].

Figure VI.2: A basalt bead (Rp ~ 58 pm) is floating at the surface of bidistilled water.
This side view allows to get the contact angle © of the water on the surface of the
bead.

The experimental procedure of the experiment was the following. First,
we created a drop with an initial volume Vg ~ 1 mL. In this drop, we poured
a well know mass of beads M from the top of the drop. These beads were
previously weighed with a balance with a precision of 0.1 mg. A few beads
could however stick to the funnel used to pour them in the drop because of
humidity or fall around the drop. Thus, the uncertainty on the mass of beads
inserted in the drops was 0.2 mg. After this step, we let the drop evaporate
and followed the evolution of its volume V, surface S and radius R with time.

V1.3 How the drop is wrapped

To obtain a drop like the one in Fig. glass beads are introduced in a large
water drops in the Leidenfrost state. Quickly, the glass beads accumulate in
the bottom of the drop, and form a stripe around the neck region. Then, the
beads cover a larger and larger part of the surface as the drop evaporates.
However, beads may not only be distributed on the surface. This is not ob-
vious at all that the beads are not located in the bulk of the drop. In this
section, we first analyse in which conditions a layer of beads covers the surface
of Leidenfrost drops. A few conditions are necessary to obtain a beautiful and
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homogeneous monolayer.

Figure VI.3: An ethanol drop with glass beads (type II) in it. The fast movement of
the beads in the bulk of the drop makes them blurred.

First, the liquid of the drop must wet only partially the material of beads.
For example, when glass microbeads are poured into ethanol drops, we observe
clearly that the beads are located everywhere in the drops, and no wrapped
drop is produced. This is illustrated in Fig. where the blurred image of
the beads (type II) betrays their fast movements in the bulk of the drop. The
beads move in the bulk of the liquid, entrained by the inner flows of the drop.
A competition between the pinning force of the contact line, the flows in the
drop and the buoyancy dictates wether a bead can stay at the surface. The
critical point for the stability of a layer is the stability of the beads that lay
at the top surface of the drop. In this case, the combination of the weight of
the bead and of the buoyancy tends to make the bead sink. The inner flows
also tends to bring the bead to the bottom at the center of the drop. Indeed,
flows in a Leidenfrost droplet are directed towards the bottom of the drop at
the center and towards the top along the borders. The only stabilizing force
is then the pinning force of the contact line. For that reason, in the following,
we focus our observations on water drops and avoid low surface tension liquids.

Second, the drop must be initially much larger than the volume of the beads
V4, and still smaller than the threshold above which the chimney instability
happens. When this instability happens, the beads are mixed in the bulk
by the rapid flows induced by the bursts of the chimneys. The instability is
triggered when the radius of the drop is above R. = 3.84(., |13} |14]. A water
drop of 1 mL has a radius R ~ 7.5 mm which is smaller than R, = 9.9 mm for
water. However, the condition on the size of the drop is even more restrictive.
The surface of the drop S; must be much larger than the surface that the
beads can cover Sp. This surface can be expressed as
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2
g = NemHy (VL1)
®b
where N is the number of beads inserted in the drop, Ry is the mean radius
of these beads and ¢ is the surface fraction occupied by the beads. N, can
be expressed as the ratio between the mass of the beads inserted M, which is
the control variable, and the mean mass of one single bead M,,.

M 3 M
Ny = — = ———— VI.2
b M, 4 7 Rg Pb ( )

Combining Eq. (VI.1) and Eq. (VI.2) leads to

3 M
4 Ry py o

Assuming that a water drop of 1 mL is a puddle, its volume is V' = 2/, dﬂ'R2
and its surface is S = 2rR(R + 2{.,). Thus, we find that

V2r |4
= 20,
s \/ le, \/QECd ™ + 2heq

Thus, the criterium on the initial conditions is that S >> S, in order to
let the beads self-organize. Practically, for drops of 1 mL, M can reach 30 mg
for the type I to 200 mg for the type III. In the case where these criteria are
verified, the beads can wrap the drops.

Sy = (VL3)

(VL4)

To analyze this monolayer, the first thing that can be done is to understand
how the beads are packed at the surface of the drop. To achieve this, we use
fluorescein in the drop and the type IV beads, which are opaque. A typical
image is shown in Fig. This kind of image allows to get the position of
the beads assuming that we can neglect the effect of the curvature of the drop
by taking a small part of the surface. We can then obtain the surface frac-
tion occupied by the beads ¢p. In all observed cases, we find ¢ = 0.80 + 0.03.
This surface fraction is close to the random close packing of hard disks |15} |16].

We can also define the efficiency of the trapping of the beads by the surface
of the drop, FE, as the ratio between the surface of the drop at the moment
when it becomes fully covered, S., and the surface that the beads can cover,

Sh.

4 Ry py

E =5
5 3 M

(VL5)



INTERACTIONS WITH GRANULAR MATERIAL 109

Figure VI.4: A water drop with fluorescein in it and basalt beads (Rp ~ 58 pm) at its
surface.
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Figure VI.5: Efficiency of the trapping of the beads by the surface of the drops, E, for
different type of beads, as a function of the mass of beads inserted, M.

By measuring S., we can then calculate this efficiency of trapping. In
Fig. we plot this efficiency as a function of the mass of the beads in-
serted in the drop M, for the first four kinds of beads. We see that for any
kind of beads, this efficiency is above 0.7. A large part of the beads inserted
are trapped by the surface of the drop. For the largest beads used in the ex-
periment (type III), some efficiencies are above 1, which is not possible, given
the definition of E. This may be due to the fact that the definition of the
surface that the beads can cover assumes that this surface is plane while this
surface is actually curved. Another cause may be the fact that the surface
fraction has been mesured for the opaque beads only.
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V1.4 How the wrap affects the evaporation

The main feature of a Leidenfrost drop may be the fact that this drop evap-
orates. Hence, an obvious question that one can ask about our drops covered
with particles is : does they evaporate in the same way than drops of pure
liquid ? To answer the question, the easiest way is to measure the evolution
of geometrical parameters such as the volume or the radius (seen from above)
with time. Here, we chose to focus on the volume of the drop.

10+ T
Pure water —=—
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Figure VI.6: Volume of three different Leidenfrost drops made of water on an alu-
mianium substrate at 300°C as a function of time. The first drop contains no bead
(blue squares); the second drop contains 7.5 mg of beads (yellow circles); the third
drop contains 30 myg of beads (red triangles). The type of beads used here is the type
II. The blue line is fit of the data for the pure water drop using Eq. . The yellow
line is a fit of the data for the drop with 7.5 mg of beads using the same equation.

In Fig. we plot the evolution with time of the volume of three dif-
ferent drops. All of them are made of water. The first one contains no bead
(blue squares), the second one contains 7.5 mg of beads (yellow circles), and
the third one contains 30 mg of beads (red triangles). The type of bead used
is the type II. The larger points indicate the time when the drop becomes
fully covered by the monolayer of beads. We see that the drop without beads
evaporates faster than the two others, that evaporates approximately at the
same rate. Thus, the quantity of beads seems to have a negligible impact on
the reduction of the evaporation above a threshold value that is below 7.5 mg
for these beads. Several things can lead to a modification of the evaporation
when some beads are added to the drops.
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The first one comes from the fact that the beads are more dense than the
water. Thus, as the drop evaporates, the density of the drop increases. In
that case, using Biance’s model (see Sec. , we can modify Eq. , and,
distinguishing the volume of the drop V; and the volume of the beads V;, we
have

1/4 3/4 1/4
' Wm&@) (HAT> 3/4 ( %pb—m>
Vy=— (o9 vyt (e 2P (e
I ( 67y piL d Vi p (VL.6)

In this equation, when the volume of the beads tends to the volume of the
drop, ¢.e. when the drop is completely evaporated, the last factor tends to
(1+1.5)1/4 = 1.26. Thus, the evaporation rate is only slightly increased at the
end of the evaporation. Given that we assume that the volume of the drop is
much larger than the volume of the beads, the increase is negligible.
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Figure VI.7: The volume of two drops is plotted as a function of their radius. The
first one is a drop of water (blue squares), and the second one is a drop of water with
7.5 myg of beads (type II — yellow circles). The moment when the latter becomes fully
covered is indicated by a large filled circle.

The second source for the modification of the evaporation comes from the
fact that the beads can deform the drop. Indeed, grains are well known for
their ability to form arches that redirects constraints towards edges. This
effect is called the Janssen effect [17]. To see if this effect has an influence
on the shape of our drops, we can plot the radius of the drops as a function
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of their volume for a drop with beads and without beads. This is shown in
Fig.[VI.7l We see that there is no modification of the shape of the drop before
the drop with beads becomes fully covered. Thus, the only arch that induces
constraints on the edges of the drop is the global arch made by the whole
layer of beads. Indeed, at that moment, an observation of the drop shows that
the surface becomes less shiny, indicating a larger roughness induced by an
increase of the dewetting of the beads.

(a)

Figure VI.8: (a) Schematic view of the surface of a Leidenfrost drop covered with
grains with © = 90°, and (b) © < 90°. (c) Side view of the situation depicted in (b).

The third source that can induce a change in the evaporation is linked to
the dewetting of the beads. As emphasized by Eq. , the evaporation rate
of the drop depends on the surface of fluid that is evaporating. This means
that a fraction of the surface covered by a bead does not allow evaporation.
This is illustrated in Fig. As measured in Sec. the beads occupy a
fraction of the surface ¢, = 0.8. However, not the whole projected area of the
beads occupy a fraction of the surface. The effective surface of evaporation S,
can be expressed as

S, = 7R’ (1 —op) + TR? &y (l — cos? 9) . (VL.7)

where 6 is the angle between the plane of the contact line of the liquid on the
bead and the diameter of the bead going through the contact line. The blue
term is the term corresponding to the surface in blue in Fig. (b), and the
term in greenish-grey is the term corresponding to the surface in the same
color in Fig. b). © is the complementary angle of 6, and is the contact
angle of the liquid on the bead (see Fig.[VI.2]). We can thus rewrite Eq.
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in terms of the contact angle ©.

Se = mR? (1—sin®© ¢p) (VL8)

Taking back the theory of Biance et al. and replacing S, by S, in Eq. ,
we find the thickness of the vapor film

BHATT]U 1/4 1/2 .92 1/4

Following the same reasoning as in Biance’s model, we finally find

3/4

V = —Apeaas V¥* = —Apue V4 (1 —sin? © ¢p) (VIL.10)

In the end, we can simply express the reduction of the evaporation rate by
the presence of the beads with the equation

Aveads _ (1 _ g2 gy)%/" . (VL11)
Apure
Thus, knowing ¢y, we can extract the contact angle © from the fits of the
curves of V (t) with beads and without beads. This has been done for the type
of beads I — IV and the results are shown in the table along with the di-
rect measurements of the contact angles previously reported in Sec. The
contact angle measured directly is noted ©4 and the contact angle calculated
from the reduction of the evaporation rate is noted ©;. The results are shown
for two different temperatures of the substrate and the fraction of the surface
of evaporation that is free for evaporation is also given.

< —
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Figure VI.9: Schematic view of a large Leidenfrost drop with beads in it. The beads
quickly occupy the meck region where the drop evaporates the most.

Note that these measurements have been done with different quantity of
beads, from one type to another. However, in all cases, the beads initially
cover only a portion of the surface that is close to the neck. This fraction
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Type T°C d)free @d @z

I 300 0.572 - 47°
I 350 0.612 - 44°
II 300 0.640 26° 42°
11 350 0.618 26° 44°
111 300 0.624 31° 43°
111 350 0.603 31° 45°
v 300 0.527 30° 50°
v 350 0.554 30° 48°

Table VI.2: For two different temperatures, we give the contact angles measured di-
rectly ©4 and calculated from the reduction of the evaporation rates ©;. The fraction
of the contact surface of the drop that is free of beads Pgee is also given.

of the surface is much lower than 7wR?. However, we know that some of the
assumptions behind the model from Biance et al. are too strong. Notably, the
contact surface is not flat and Leidenfrost drops does not evaporate equally
from the whole contact surface, but evaporate mostly on the neck, where the
beads are present immediately after being poured (see Fig. . This is
consistent with the fact that adding more beads to the drops does not change
more the evaporation rate : a small quantity of beads cover the neck of the
drop, and adding more beads just cover the parts of the contact surface that
does not contribute highly to the evaporation of the drop.

VI1.4.1 The case of highly wetting liquids

Up to now, we only investigate the case of drops made of water. Water, how-
ever, has some unusual features. Especially, its high surface tension makes
water less wetting than other common liquids. Contact angles of liquids on
a glass slide are respectively 6.5° for ethanol, 5.3° for acetone, and 49° for
water. One can expect the same behavior than observed with water when
beads are poured in Leidenfrost drops made of ethanol or acetone, with the
only difference lying in a lower decrease of the evaporation rate because of a
lower contact angle.

Nonetheless, this is not what is observed. Indeed, the trapping of the
beads by the surface of the drop relies highly on the surface tension and on
the contact angle. In the case of ethanol, the trapping is negligible and flows
inside the drop carry most of the beads everywhere in the bulk of the drop.
Only a small part accumulate at the bottom of the drops due to sedimentation.
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Figure VI.10: Volume of three different Leidenfrost drops made of water on an alu-
minium substrate at 300°C as a function of time. The first drop contains no bead
(blue squares); the second drop contains 7.5 mg of beads (yellow circles); the third
drop contains 30 mg of beads (red triangles). The type of beads used here is the type
1I. The blue line is fit of the data for the pure water drop using Eq. . The yellow
line is a fit of the data for the drop with 7.5 mg of beads using the same equation.

In Fig. we show the time evolution of the volume of drops of ethanol
without beads (blue squares) and with 18 mg of beads (type II — yellow circles).
We see that there is a negligible effect of the presence of the beads on the
evaporation of an ethanol drops. The difference between the fits comes from
an artifact of the measurements for the pure ethanol drop between t = 35 s
and t =55 s.

VI.5 How the drop ends its life

When the drop is fully covered, frustration between grains is happening in the
monolayer. The surface of the drop reduces while the surface of the monolayer
is constrained by contacts between the beads. Some beads begin to go from the
surface to the bulk of the drop, and the layer of beads begins to buckle. At a
point, the drop becomes closer to a wetted granular material and the evapora-
tion at the bottom of the drop becomes unsufficient to maintain the levitation.
The drop then contacts the substrate and evaporates quickly. At the end of
this process, only the microbeads remain. The grains show an unexplained
cohesion and form objects that are sometimes close to spheres that we called
“basalt blackberries”. An exemple is shown in Fig. [VL.II] A few questions
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can be asked about these objects. In what conditions these objects get closer
to a sphere 7 What makes the cohesion 7 How the beads are organized inside 7

Figure VI.11: Residue of the evaporation of a Leidenfrost drop made of water with
basalt beads in it: a so-called “basalt blackberry” The final object is cohesive and pretty
much spherical. The size of the residue is approximately 2 mm.

On one hand, without any surprise, when there are too much beads, the
drop is still flattened by gravity at the end of its evaporation, when the mono-
layer nuckles and grains begin to sink, and the final residue keeps a trace of
this flattening. On the other hand, when there are very few beads, the discrete
aspect of the beads appear. Moreover, the final shape can also be modified by
violent events due to the rapid evaporation happening when the drop touches
the substrate at the end of its life. In between these two extremes, residues
like the one shown in Fig. can be observed. In most cases, however,
shapes can be sometimes very surprising as shown in Fig. which shows
residues composed of 17, 71, 205, and 563 beads. Figure (b) is particu-
larly non-spherical and asymetric. This kind of shapes can be observed when
nucleate boiling occurs when the drop touches the substrate.

In large residues, above 100 beads, we can wonder how the beads are or-
ganized in the residues. A first answer comes in the analysis of the packing
fraction of these objects. Measuring the total volume of the residue from a
side view and knowing the mass of beads in it, we calculate this packing frac-
tion. In some cases, we observe packing fraction down to 0.4. Such a packing
fraction is very low. Random Loose Packing of spheres usually goes down to
0.56 and even the thinnest regular packing (cubic lattice) has only a packing
fraction of 7/6 ~ 0.52. The slight polydispersity of our beads should even
increase the packing fraction of the residues compared to the case of monodis-
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(a)

Figure VI.12: Images of the residues of the evaporation of Leidenfrost drops on a
substrate at 300°C. The number of microbeads (type 1V) in each of these residues is
respectively 17, 71, 205, and 563 beads.

perse spheres. The cohesion may stabilize some internal structures that would
normally be unstable, like arches which may induce the presence of holes.

To observe the organization of the beads and see the presence of holes in
the structure, a useful tool is the microtomography. The spatial resolution
of this 3D imaging technique is of the order of 1 micron. The disadvantage
of the technique is that the acquisition of a single 3D picture takes around
15 min. Thus, it is impossible to use this technique while the drop is still
evaporating. In Fig. we present the images of two horizontal slices of a
single residue. The two slices are taken at the bottom (a) and at the middle
(b) of the residue. We observe in Fig. [VI.13|(a) that the base of the drop keeps
a trace of the shape of the bottom of the drop. The whole residue stands on a
few beads that are part of an annular neck. This implies that there is a pocket
with no beads under the residue. Thus, with a simple visualization from the
side, we overestimate the volume of the object. Furthermore, in Fig. b),
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Figure VI.13: Images acquired by microtomography representing horizontal slices of
the bottom (a) and of the middle (b) of a single residue.

we see that there is also a hole in the center of the drop. This may be a trace
of the layered structure of the beads inside the drop during its evaporation, or
a trace of a nucleate boiling event in the last moments of the life of the drop.

V1.6 Conclusion

We focused on an applied thematic related to Leidenfrost drops, i.e. the ma-
nipulation of particles by drops. Yet, we saw that one cannot focus on these
applied thematics without taking care of the fundamental thematics. And
more important, one should not !

We showed that microparticles from ~ 10 pm to ~ 100 pm are able to or-
ganize themselves in monolayers around Leidenfrost drops. This behavior can
only happen when they are initially able to cover a small part of the surface
of the drops, and overall, the wetting of the beads by the liquid has to be low.
A highly wetting liquid does not lead to a surface organization, but only to a
bulk organization.

The monolayers observed are highly stable and are able to cover the whole
drop, notably because of the high surface fraction of their packing close to
~ 0.8. However, when the whole surface is covered, they begin to buckle as
the drop keeps on evaporating.

Up to this complete cover, the drops with particles in them evaporate
slower than drops made of pure water. We showed that the decrease of this
evaporation rate is linked to the dewetting of the beads which reduces the
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apparent surface of evaporation. This reduction of the surface evaporation
depends on the contact angle between the water and the particle. Thus, a
comparison between the evaporation of drops with and without particles al-
lows to measure this contact angle.

Finally, we showed that the evaporation of these drops ends by leaving
cohesives objects made of the particles. While this cohesion is still a mystery,
the so-called “basalt blackberries” showed surprisingly low packing fraction,
down to ~ 0.4. We showed that these low packing fractions are due to large
holes in the structures made by the beads.
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Overall Conclusion and Perspectives

This thesis is an experimental study of the Leidenfrost effect and of its limits.
We especially focused on diverse situations that gave us the opportunity to in-
crease the understanding of the apparition of the effect. Additionally, we took
this opportunity to improve the way we see the evaporation of these drops and
their usefulnes in different aspects.

In Chapter [[I] we examined one of the most conceptually simple situation
involving the Leidenfrost effect : drops evaporating on a hot metallic substrate
with a gravity larger than the earth gravity. Even though the concept was sim-
ple, the way to achieve it was not. The use of the Large Diameter Centrifuge
at ESTEC center allowed us to reach 20g. In doing so, we showed that the
hypergravity is an interesting way in Leidenfrost experiments to get rid of the
capillary regime. We also confirmed that the so-called chimneys that can be
observed in large drops are due to a Rayleigh-Taylor-like instability implying
a distance between chimneys that scales as the capillary length. However, the
main goal of the experiment was different. We showed that the Leidenfrost
Point increases slightly but clearly with the gravity. This led us to notice the
importance of taking the precise shape of the vapor film to understand better
the Leidenfrost Point.

In Chapter [[T]} the experiment was still focused on the improvment of the
knowledge of the Leidenfrost Point. Based on the fact that the roughness of
solid substrates tends to disrupt the vapor film, we used one of the smoothest
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substrate possible, an oil pool. We showed that the leviation of drops above
this substrate is possible for superheats as low as 1°C for ethanol drops. We
studied the shape of the drop and of the pool and built a model that reproduce
well these shapes. The capillary length does not appear as a critical length for
the shape of the drop as it is the case on solid substrates. As a consequence,
there is only one regime of evaporation, and we showed that the decrease of
the radius with time is linear in all cases. However, the rate of decrease sat-
urates highly for low superheats, which is not explained by our model. This
is due to the fact that the evaporation is not driven by the heat transfer in
the vapor film anymore. We also showed that the presence of a Leidenfrost
drop on a liquid pool has an effect on the oil in the pool. We observed and
described buoyancy-driven convection cells under ethanol drops, and viscous
entrainment-driven convection cells under drops made of HFE-7100.

Perspectives The drastic reduction of the Leidenfrost Point that
we observed is very promising for enhancing the Leidenfrost effect.
In this thesis, we always worked with deep pools. However, another
interesting geometry is the impregnated substrate. Indeed, a very
thin layer of oil should be able to damp any roughness of a substrate
without a tiny amount of liquid. However, pre-manipulations showed
that the reduction may not be as drastic as it is on a pool. The flows
induced by the viscous entrainment, as well as the pressure imposed
by the drop on the liquid layer may be in cause. Still, regarding the
potential interest of a reduced Leidenfrost Point with a very simple
setup, this system should be studied.

In Chapter we introduced the various phenomenons happening in the
impacts of Leidenfrost drops by revisiting the problem of the bouncing ball.
We dropped drops over vertically oscillated hot substrates. The point was
not to look at the suppression of the Leidenfrost effect, but instead to look at
the motion of these drops when sumitted to particular forcings. Leidenfrost
drops were observed to bounce with a contact time that was independent on
the parameters of the forcing (frequency and maximum acceleration of the
substrate), and that is simply equal to the capillary time up to a numerical
factor. This leads to a prediction that large drops are not able to bounce if
their contact time is too large compared to the period of an oscillation. We
also observed that the drop can bounce in several modes, depending on the
acceleration of the substrate and on the frequency of the oscillation. We then
observe bifurcations from a robust mode (1,1) to modes (2,1) and (2,2) that
are mixed for high reduced accelerations.
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In Chapter [V], we explored another phenomenon including impacts where
the Leidenfrost drops are pushed to their limits. We showed that impacting
drops on heated liquid pools made of silicone oil can lead to four very differ-
ent regimes of impacts, depending on the impact velocity. The first one, at
low impact velocities, is the bouncing of the drop on its vapor layer. In the
second one, at larger velocities, the drop penetrates deep enough in the pool
so that the liquid of the pool pinches-off above the drop, forming an antibub-
ble stabilized by the evaporation of the drop. In those two first regimes, the
Leidenfrost effect is maintained. In the third one, the same pinch-off occurs,
but destabilize the vapor layer and suppress the Leidenfrost effect. In the last
regime, the vapor layer is so much squeezed while the drop impacts that it
breaks before any pinch-off, leading to hemispherical cavities.

Finally, in Chapter we saw that Leidenfrost drops are highly resis-
tant to dust contamination. Instead of problems to maintain the Leidenfrost
effect, we observed that these drops have the surprising ability to organize mi-
croparticles at their surface. This organization takes the form of a monolayer
constituted by a almost all microparticles present in the drop. This monolayer
has observed to wrap completely the drops and to decrease the evaporation
of the drops. This is due to the dewetting of the particles lying at the sur-
face of the drop, reducing the surface of evaporation. We also observed that
the complete evaporation of the drops was leading to compact and cohesive
assemblies of microparticles with a surprisingly low packing fraction resulting
from holes in the global structure.

Perspectives These results show once more how promising is the
manipulation of microparticles by Leidenfrost drops. The possibility of
a complete processing of such particles by drops is not so far from being
realised. A deposition by complete evaporation, the transport via
structured substrates are already quite well understood. Preliminary
experiments have shown that the capture of particles is also possible.
In Fig. we show the capture rate of beads R, = 58 um by a
water drop (R = 3 mm - represented by the blue zone). We see that
all the beads are removed from the stripe on a large part of the drop
(positive values of the capture rate) and only a small part is pushed
toward the edges of the trajectory of the drop (negative values of the
capture rate).
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Figure VIIL.1: Capture rate of a drop of R = 3 mm passing on a stripe of beads
(Ry = 58 um).
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