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Introduction

Drop impacts are ubiquitous in our daily life, and the phenomenon of a drop deforming
after impacting a substrate has fascinated scientists for centuries. With the emergence of
high speed imaging, many refinements have flourished in recent years. Most studies concern
drops of Newtonian fluids. However, the impacts of viscoelastic fluids, which are more
relevant to most applications, have not been developed as thoroughly. Understanding the
behavior of these fluids following impact and more broadly undergoing biaxial extensional
deformation or mixed flow fields is crucial for applications involving drop impact (spray
coating, ink-jet printing, pesticide application, ...) but also for polymer processing. When
the drop, with accumulated kinetic energy, strikes the surface, it deforms into a disk-like
shape and expands until reaching a maximum diameter, after which it settles or recedes.
When the restituted energy is large enough, the receding is followed up by the rebound of
the drop off the surface. Various instabilities like secondary drop ejections at the edge can
eventually occur. The maximal diameter reached by the drop is governed by the stored
surface and bulk elastic energy and by the dissipated energy.

The way one should account for the dissipation is still a matter of discussion. In this
thesis, we propose two different experimental approaches to achieve this goal. One strategy
is to impact the drops on a repellent surface and, this way, get rid of all shear contribution
to the dissipation. The other strategy is to impact the drops on small targets of increasing
sizes. In this situation, the part of the sheet in contact with the target is subjected to
shear dissipation while the part extending outside the target undergoes biaxial extensional
dissipation, recreating mixed flow field conditions involved in many industrial applications.
These two experimental configurations are used, on one hand, with Newtonian fluids of
different viscosities in order to probe the effect of viscous dissipation when no elasticity is
involved. On the other hand, the combined effect of viscosity, bulk and surface elasticity
is investigated with rheo-thinning viscoelastic fluids and Maxwell fluids.

The main objective of this PhD thesis is to investigate the behavior of drops of
viscoelastic fluids impacting in simplified and controlled flow fields and to uncover the
role of biaxial extension. The manuscript is divided in 7 chapters.

Chapter 1 is a bibliographic chapter that presents the state of the art on the topics.
We report on the different types of surfaces and fluids one will come across when exploring
the field of drop impact experiments. A specific section is dedicated to experimental
outputs from the drop impact experiment, such as the maximal diameter reached by the
sheet, its thickness field and the rim bounding the sheet. In the last part of this chapter,
we present the motivations for the following work.



2 Introduction

Chapter 2 is dedicated to the description of the experimental methods and specific
fluids used in this work. For the purpose of our study, model systems, which behave as
Maxwell fluids, as well as rheo-thinning viscoelastic fluids and soft elastic beads have been
investigated. In this chapter, we present in details the studied fluids, their preparation and
characterization methods. We also present the set-ups and characterization techniques
used in this work.

In Chapter 3, the biaxial spreading dynamics of Newtonian and shear-thinning drops
on a repellent surface at a fixed impact velocity is investigated. The effect of viscosity
on the maximal expansion for both types of liquids is rationalized thanks to an effective
biaxial extensional Ohnesorge number.
Chapter 4 expands the work from Chapter 3 by investigating more complex fluids, which
behave as Maxwell fluids, and exploring the effect of the impact velocity. The experimental
data for the maximal expansion and the time to reach maximal expansion are confronted
to theoretical predictions obtained by solving a non-linear damping harmonic oscillator
model. This model accounts for the effects of biaxial extensional viscous dissipation as
well as bulk and surface elasticity.

In Chapter 5, the competition between shear and biaxial extensional dissipation under-
went by a liquid sheet produced after impact of a drop on a small target is quantitatively
assessed. The behavior of rheo-thinning fluids is compared to that of Newtonian fluids,
and a notable difference of the mode of dissipation for the strongly shear thinning fluid
(EHUT solutions) is evidenced. In a second part of this chapter, the size of the target is
varied to investigate how the target size affects the maximal expansion reached by the
sheet.

Chapter 6 focuses on the rim forming at the edge of an expanding Newtonian free liquid
sheet. For the first time, the rim shape is measured using time resolved light absorption
techniques. In this chapter, the rim filling velocity and rate are assessed experimentally
and theoretically. Both showed interesting results, which were not predicted by the
literature.

Chapter 7 exploits the boundary free biaxial deformation occurring in a spinning drop
tensiometer to extend our study of deformation of soft materials to another setting. We
independently measure the surface tension and the bulk elastic modulus of a soft elastic
bead, which is not usually possible due to elasto-capillarity. Assuming a homogeneous
deformation, we achieve theoretical decoupling of the contributions of the interfacial
free energy and bulk elasticity at high centrifugal force, which was confirmed by the
good agreement with experimental measurements and expected values. Additionally, the
interfacial free energy and the interfacial tension are showed to be equal for our soft elastic
beads.

We conclude by a summary of the main findings presented in this work and discuss
the open perspectives.



Chapter 1

State of the art on impact experiments
and objectives of the thesis

Contents
1.1 Surfaces of impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 Extended solid surfaces . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.2 Small solid targets . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.3 Drop impact on repellent surfaces . . . . . . . . . . . . . . . . . . . 9

1.2 Fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.2.1 Shear-thinning fluids . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.2 Shear-thickening fluids . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.2.3 Yield-stress fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.2.4 Maxwell fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.3 Experimental outputs and modeling . . . . . . . . . . . . . . . . . 22
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1.3.3 Rim bounding the sheet . . . . . . . . . . . . . . . . . . . . . . . . 27
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After the first drawings of Leonardo da Vinci in the codex Leicester in the 16th century,
methodical observations of drops impacting a surface trace back to the 18th century with
the pioneer work of A.M. Worthington. He achieved the imaging of milk and mercury drop
impacts thanks to an apparatus generating electric sparks synchronized with the impact
[Worthington 1877, Worthington 1895] (Figure 1.1). Since then, with the emergence of
high-speed imaging allowing time-resolved observations of the drop impact dynamics
[Thoroddsen 2008, Josserand 2016] and pushed by environmental and industrial aspects,
contributions to the field flourished.

Indeed, applications relevant to drop impact are abundant; to name a few: Ink-jet
printing [Wijshoff 2018], spray cooling, spray coating [Pasandideh-Fard 2002], pesticide ap-
plication [Wirth 1991] or criminal forensics [Laan 2015]. Such a wide range of applications
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Figure 1.1: Sketches of a mercury drop during impact made by A.M. Worthington in 1895
[Worthington 1895].

pushes toward a better understanding of the underlying physics in order to optimize the re-
lated industrial processes. To this end, experimental, theoretical and numerical experiments
are performed on drops impacting surfaces in various situations. The surfaces considered
include thick and thin liquid films or solid surfaces of different roughness [Rioboo 2002] and
wettability [Lee 2010] but also of different sizes [Rozhkov 2002, Arogeti 2019] or geome-
tries [Josserand 2016, Wang 2017, Arogeti 2019]. Drops made of many materials have been
considered, from Newtonian fluids with different viscosities [Arora 2016, Gordillo 2018],
suspensions [Marston 2013, Raux 2020], shear thickening fluids [Boyer 2016] to polymer
solutions [Crooks 2000] or other viscoelastic materials [Arora 2016]. Impact of soft elastic
beads has also been investigated [Tanaka 2003, Tanaka 2005, Arora 2018].

When a falling drop of fluid is stopped by a surface, an internal shock wave propagates
with a timescale of the order of the nanosecond. A spreading lamella is then produced at
the bottom of the drop. Finally, the drop may deform into a disk-like sheet which expands
radially until reaching a maximum diameter [Rioboo 2001]. The sheet settles, recedes
partially or completely and sometimes rebounds depending on the nature of the fluid, the
surface and dynamic parameters, such as the impact velocity, and the wettability that is
usually quantified by the static contact angle between the fluid and the surface. In the drop
impact context, one must consider the dynamic contact angle, which changes as the sheet
expands and recedes [Rioboo 2001]. In the case of highly inertial impacts, instabilities
can arise and cause the drop to break up and eject secondary droplets from the rim.
This phenomenon is called splashing. These different steps can be observed in Figure 1.2
where drops are impacting a solid surface in different situations as described in section 1.1.1.

If one wants to rationalize drop impacts, one will come across several governing
dimensionless numbers. Those used in this thesis are listed here [Yarin 2017]. We is the
Weber number, which relates the effect of the inertial forces to the capillary forces.
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We =
ρv2

0d0

γ
(1.1)

With ρ the density, v0 the impact velocity, d0, the initial diameter of the drop, γ the
surface tension.

The ratio of inertial forces to viscous forces within a fluid is given by the Reynolds
number, Re.

Re =
ρv0d0

η
(1.2)

Where η is the dynamic viscosity.

Finally, the Ohnesorge number, Oh, relates the viscous forces to the surface tension
and inertial forces, and can be written as a combination of We and Re.

Oh =
η√
ργd0

=

√
We
Re

(1.3)

Drop impact is a complex non-linear dynamical phenomenon involving three compo-
nents: the drop, the substrate and the surrounding gas. When the drop hits the surface,
the gas dampens the shock and a local pressure maximum under the drop creates a dimple
in the fluid, which in turn promotes splashing by lifting the sheet away from the substrate
[Lee 2012]. Thus, the contact area between the fluid and the solid, during expansion,
is rather a ring than a disk. During the retraction of the sheet, the air film under the
drop retracts in a complex manner to form a bubble. The surrounding gas is often
negligible in the overall spreading dynamics [Visser 2015]. In the following, the main types
of surfaces and fluids of interest for impact will be reviewed, neglecting the surrounding gas.

1.1 Surfaces of impact
As already mentioned, the surfaces on which the drops are impacted are myriad. Here

we describe a few that are of interest to us.

1.1.1 Extended solid surfaces

The outcomes of a water drop after its impact on a large plane solid surface were
categorized by R. Rioboo and Tropea [Rioboo 2001]. Six main categories, represented
in Figure 1.2, depending on the impact velocity and the drop and surface properties,
result from this classification. At low impact velocity, the stored energy after maximal
expansion is not sufficient to pull back the expanded sheet and this one deposits on the
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surface. Higher impact velocity may lead to splashing, either prompt or after apparition
of a corona, by ejection of secondary droplets. The prompt splash only happens on rough
surfaces, and the corona splash is characteristic of impacts on a liquid film [Rioboo 2001].
Instabilities during the retraction phase can lead to receding break-up, which can happen
because the dynamic contact angle decreases while the sheet retracts. Finally, drop
impacts with very low amount of dissipation and high initial kinetic energy can lead to
partial or complete rebound in which the drops come back to its initial shape and detaches
partially or completely from the substrate.

Figure 1.2: Six kinds of outcomes resulting from drop impact on a dry surface
[Rioboo 2001].

Whether the sheet deposits, retracts, or rebounds depends also on the wettability of
the solid surface on which the impact is performed [Josserand 2016]. A larger contact
angle results in easier splashing and rebound. When impacted on a (super)hydrophobic
substrate, the drop can partially or completely rebound and even form a singular jet.



1.1. Surfaces of impact 7

1.1.2 Small solid targets

While the most studied configuration for drop impact is the infinite solid surface,
the scenario of a drop impacting surfaces of various sizes and geometries is currently
attracting the scientific community. For example, Lejeune et al. impacted drops on
semi-infinite surfaces to study the effect of an edge on the impact outcomes (See Figure
1.3)[Lejeune 2018] and Bakshi et al. studied impacts on small spherical targets of different
curvatures [Bakshi 2007]. As a matter of fact, this scenario is not only more realistic
to answer industrial problems (ink droplets of size comparable to the paper roughness,
pesticide droplets application or rain drops on plant leaves of different sizes, ...) but it also
raises a peculiar experimental condition where a mixed flow field is generated, i.e., shear
on the solid surface vs biaxial extensional in air. The part played by both flow fields in the
expansion dynamic of the sheet is yet to be identified and will be an objective of this thesis.

Figure 1.3: Snapshots of a drop impacting on a semi-infinite surface from top and side
views at different times ((a) t = 0, (b) t = 1.6, (c) t = 3, (d) t = 4.4, (e) t = 7, (f) t = 10.6,
(g) t = 12.4, and (h) t = 19ms). R0 is the initial radius of the drop and V0 is the impact
velocity. The offset, d, is defined as the distance between the impact point and the edge.
The scale bar is 5 mm. [Lejeune 2018]

The impact of drops on a small rod, or target, of cross-section comparable to that of
the drop was first developed with the aim of limiting the dissipation happening during
the sheet expansion on a solid surface (mainly viscous shear dissipation) [Rozhkov 2002].
In this configuration, the sheet expands freely in air beyond the target, thus avoiding
strong interactions with the surface and significant shear viscous dissipation as compared
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to the impact on an infinite solid surface [Rozhkov 2003, Rozhkov 2004, Villermaux 2011,
Vernay 2015a, Arora 2016]. Figure 1.4.a) schematically shows the expanded sheet pro-
duced by the impact of a drop on a solid target, and time series of the expansion and
retraction of the sheet is shown in Figure 1.4.b) [Ogawa 2018]. This configuration, in-
spired by the Savart experiment where a liquid jet hits normally a flat solid disk, was first
introduced by Rozhkov et al. [Rozhkov 2002]. The flatness of the sheet was later shown
to be adjustable by incorporation of a coaxial cylinder [Villermaux 2011]. Interestingly,
this coaxial cylinder used to control the ejection angle of the sheet [Clanet 2002] was
recently used to create waterbowls, resulting in a decrease of the contact area between
the sheet and the surface [Girard 2019]. Vernay et al. and later, Wang and Bourouiba,
have measured the thickness field of a water drop impacting a small cylindrical target
[Vernay 2015a, Wang 2017]. They derive a self-similar solution for the full temporal and
spatial profile of the expanding sheet thickness, which is in good agreement with experi-
mental measurements. Arora et al. studied the influence of the viscosity on the maximum
expansion diameter of Newtonian and viscoelastic drops impacting on a small cylindrical
target [Arora 2016]. The authors provide a simple model which predicts satisfyingly the
dependence of the maximal expansion of the sheet with viscosity. This model accounts
for viscous dissipation in the viscous boundary layer at the interface between the surface
of the target and the liquid, the part of the sheet expanding freely in air being presumed
free of viscous dissipation.

a) b)

Figure 1.4: a) Schematic representation of a sheet formed by impact of a drop on a blunt
cylindrical target [Rozhkov 2002]. b) Snapshot of an expanding liquid sheet resulting from
the impact of a glycerin/water mixture drop of shear viscosity 240 mPa s at an impact
velocity of 3.7 m/s [Ogawa 2018].

More recently, Arogeti et al. [Arogeti 2019] have impacted drops on targets of sizes
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smaller than the initial diameter of the impacting drop and identified three regions of
target-to-drop size ratio, βt, for which the drop, after impact, flows radially (type A),
radially and vertically (type B) and vertically (type C). The different regions are reported
schematically in Figure 1.5. The other side of the target size spectrum where the size of
the target increases progressively until reaching the situation of impact on a plane surface
is yet to be explored.

Figure 1.5: Schematic representation of the three regions identified by Arogeti et al. when
impacting drops on targets with various target-to-drop size ratios, βt [Arogeti 2019].

1.1.3 Drop impact on repellent surfaces

Investigating drop impacts on a repellent surface is of great interest to understand
natural phenomenons, such as the lotus effect, and for many industrial applications.
Indeed, the properties of repellent surfaces can be used for self-cleaning, water droplet
condensation and evaporation, anti-corrosion, resistance to rain freeze, or drag reduction.
Moreover, because both the intrinsic fluid properties and the interaction between the
fluid and the substrate are important for the impact dynamics, decoupling the two is
crucial to better understand the fundamentals of this process. Repellent surfaces include
superhydrophobic, superheated, sublimating and evaporating surfaces. For superheated,
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sublimating and evaporating surfaces, a vapor layer is formed under the drop upon impact,
creating shear-free boundary conditions below the expanding drop. On repellent surfaces,
the dissipative processes are expected to be reduced, leading to larger maximal expansion
and rebound.

1.1.3.1 Superhydrophobic surfaces

Superhydrophobic surfaces have very high water repellency. They are inspired by
nature (lotus leaves, water lilies, duck feathers, butterfly wings, ...) and are usually created
by patterning a substrate with a hierarchical double-scale (micro- and nano-scale) structure
[de Gennes 2004]. The latest scientific findings in droplet impact on superhydrophobic
surfaces have been comprehensively reviewed recently [Khojasteh 2016].

To be superhydrophobic, the surface must have a water contact angle greater than
150◦, and thus offer special non-wetting properties. A rough surface with entrapped air
in the cavities will behave as a superhydrophobic surface. In this situation, the drop is
in the Cassie-Baxter state (the surface is chemically heterogeneous) as opposed to the
Wenzel state (on a rough, but chemically homogeneous, surface) [de Gennes 2004]. Figure
1.6 shows a schematic representation of a drop in the two states.

a) b)

Figure 1.6: Schematic representation of a drop in a) the Wenzel state on a rough surface
and b) the Cassie–Baxter state on an inhomogeneous surface.

Antonini et al. studied the effect of surface wettability on drop impact by perform-
ing experiments on different surfaces of various wettability at several impact velocities
[Antonini 2012]. They found that at intermediate Weber numbers (We < 200) the wetta-
bility of the surface has an effect on the maximum diameter reached by the sheet, whereas
wettability has no effect on the maximum diameter at We > 200. Superhydrophobic
substrates of similar wettability but of different texture morphology also have an effect on
the impact outcomes [Lv 2016]. Lv et al. studied impact on different superhydrophobic
surfaces and found variations in the contact time as well as in the maximum diameter
reached by the sheet. For surfaces with a hierarchical roughness, the contact time is
significantly reduced, while the maximal lateral expansion is greater. Figure 1.7 shows
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scanning electron microscopy (SEM) images of two superhydrophobic surfaces, along with
snapshots of a drop impacting on these surfaces at different times.

a)

b)

Figure 1.7: SEM images of the surfaces with a) two-tier roughness and b) hierarchical
roughness, along with snapshots of a 4 µl water drop impacting them at a velocity v0 =

2.4 m/s [Lv 2016].

Nasto et al. recently impacted drops of glycerol and water on hairy surfaces and
observe different regimes of spreading and penetration of the drop: no penetration, partial
penetration, penetration and capture, penetration and spreading, and penetration and
drop ejection [Nasto 2019]. The authors rationalize their experimental results in terms
of Reynolds and Weber numbers modified for the geometrical features of the hairs, Re∗

and We∗. They obtained Re∗ by balancing the kinetic energy with the viscous energy loss,
and We∗ by balancing the kinetic energy with the surface energy. They then delimit the
different domains with a parameter, β = 1

Re∗ + 1
We∗ , given by the ratio between the energy

lost by passing through the hair and the kinetic energy of the impinging drop. β = 1

corresponds to the captured state.

1.1.3.2 Superheated surfaces

The Leidenfrost effect was discovered in 1756 by Johann Gottlob Leidenfrost
[Leidenfrost 1756]. He observed that a drop of water, in the vicinity of a surface above a
critical temperature called the Leidenfrost temperature (around 160◦C for water), does
not evaporate instantaneously but rather levitates for an instant before disappearing.
This phenomenon can be explained by the presence of an insulating vapor layer be-
tween the drop and the surface, which is generated from the intense evaporation of the
drop. This vapor layer has a typical thickness of 100 µm as evaluated more recently
[Quéré 2013]. We refer to Leidenfrost effect when this vapor layer has sufficient pressure to
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Figure 1.8: Phase diagram of the different possible states observed by Nasto et al.
[Nasto 2019].

allow the drop to levitate on the hot surface while being thermally insulated from the latter.

Many authors have investigated drop impact on Leidenfrost surfaces, it was shown
that the Leidenfrost temperature depends on drop impact parameters, such as the impact
velocity [Moreira 2010, Yarin 2017]. If the temperature is not high enough, the fluid may
touch the surface locally and other phenomenon such as evaporation, nucleate boiling or
foaming will happen as depicted in Figure 1.9.

Figure 1.9: Different outcomes of drop impact onto a hot surface depending on the surface
temperature. a) evaporation, b) nucleate boiling, c) foaming, d) transition, and e) film
boiling (Leidenfrost effect) [Yarin 2017].

In the Leidenfrost conditions, when the temperature is high enough, the impacting
drop can bounce off the surface, as a solid sphere would do [Richard 2002]. However,
it is not always the case. Indeed, depending on the drop radius and velocity, different
phenomenons were observed [Biance 2011]. These outcomes are depicted in Figure 1.10.
In Figure 1.10 a), the drop spreads, recedes and bounces off the surface as it is expected in
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the Leidenfrost conditions. This behavior happens for We> 1 but smaller than a critical
We value, at which the edge of the sheet destabilizes into satellite droplets and splashing
occurs (see Figure 1.10 b) and c)). Increasing We even more, resulted in the formation of
a hole in the spreading sheet along with the splashing as shown in Figure 1.10 c). If a
defect is present on the surface, the hole opening can even occur at Weber numbers for
which there is no splashing (see Figure 1.10 d)). Note that a warmer substrate results in
a lower impact velocity threshold for splashing [Rein 2002].

Figure 1.10: Different outcomes of a Leidenfrost drop upon impact depending on the
Weber number and surface smoothness a) complete rebound, b) splash, c) splash and hole
opening, d) hole opening without splash [Biance 2011].

1.1.3.3 Very cold surfaces

Sublimating surfaces The non-wetting and slip conditions produced by the dynamic
Leidenfrost effect were also achieved on very cold substrates [Antonini 2013]. In the same
fashion as the Leidenfrost effect, when a drop impacts dry ice, a vapor layer forms between
the expanding sheet and the substrate. This vapor layer is caused by the sublimation
of the outer layer of the dry ice substrate, which is nothing more than solidified carbon
dioxide. The vapor layer thermally insulates the drop from the substrate and prevents
interaction between the drop and the surface on which it is impacted.
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Figure 1.11: Representation of a drop on a sublimating substrate [Antonini 2013].

Antonini et al. compared the outcome of drop impact on the three previously de-
scribed repellent surfaces: superhydrophobic, superheated and sublimating surfaces
[Antonini 2013]. The effect of the different surfaces on the rebound time and maxi-
mum expansion are shown in Figure 1.12. Five sets of data are represented on both
plots: water drops impacted on dry ice, on a hot plate and on a superhydrophobic surface,
and diethylene glycol and propylene glycol drops impacted on dry ice. As a first order
interpretation, the results show the same behavior for the three surfaces and the three
liquids, even if the authors note and interpret that the rebound time of drops of diethylene
glycol (η = 35 mPa s) and propylene glycol (η = 60 mPa s) is under-predicted by their
rationalization. They conclude that viscosity has an effect on the drop rebound time,
even for impacts on repellent surfaces. On the contrary, the maximum spread factor was
not affected by viscosity in the range investigated, since all data for samples impacted
in Leidenfrost conditions and on the sublimating surface collapse. The authors note
that samples impacted on superhydrophobic surface expanded less and attribute this
to the fact that in the case of a superhydrophobic substrate, the non-wetting and slip
conditions, obtained for Leidenfrost and sublimating surfaces, are only partially reached
due to partial contact between the liquid and the surface. Moreover, the author suggests
that the evaporating vapor might drag the liquid along as it radially shoots outwards,
leading to more important spreading.

Cold Leidenfrost Nonwetting and slip conditions were obtained by performing the
impact on a thin layer of liquid nitrogen [Antonini 2013, Arora 2018]. The liquid nitrogen
at a saturation temperature of 196◦C evaporates when in the vicinity of a drop, at ambient
temperature, causing the drop to rebound after expanding and receding in nonwetting
and slip conditions. The perk of this technique is that in that case, as for sublimating
surfaces, it is the substrate and not the drop that evaporates to create the insulating
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a) b)

Figure 1.12: a) Rebound time of drops impacted on three different repellent surfaces as a
function of 2.6(ρD3

0/8σ)0.5 with ρ, the liquid density, D0, the initial drop diameter, and
σ, the liquid surface tension. b) Maximum spreading factor, Dmax/D0, versus the Weber
number, We [Antonini 2013].

vapor layer. To produce a flat expanding sheet, the quantity of liquid nitrogen must
not be too high to avoid the formation of crowns. Crown formation can happen even at
relatively low drop impact velocity, due to a splash of liquid nitrogen, which has a very
low surface tension (8.9 mN/m) [Antonini 2013]. Figure 1.13 shows snapshots taken from
video 8 of the supplementary materials for [Antonini 2013] where a water drop impacts
a metal substrate wetted by a thick liquid nitrogen film. On the thick liquid nitrogen
film, the crown has a cylinder-like shape and evolves almost perpendicularly to the sur-
face. This cylinder-like crown, which evolves almost perpendicularly to the surface, is
somewhat resembling the impact of drops with high We on a thick liquid film [Wang 2000].
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Figure 1.13: Snapshots at different times of a water drop impacting a metal substrate
covered with liquid nitrogen (pictures taken from video 8 of the supplementary materials
for [Antonini 2013]).

1.2 Fluids

Most studies, on both theoretical and experimental grounds, have been conducted with
simple fluids, also called Newtonian fluids, which are characterized by a constant viscosity
independent of the shear rate. For such fluids, an important observation is the existence
of two regimes in the maximal expansion: a first regime at low viscosity for which the
maximal expansion of the sheet did not depend on viscosity (capillary regime) and a second
regime for which viscosity had a strong hindering effect on expansion (viscous regime)
[Eggers 2010]. In the capillary regime, the expansion is expected to depend on inertia and
the fluid surface tension. Additionally, it was also shown that the presence of surfactants
in Newtonian fluids do not affect the maximal expansion [Pasandideh-Fard 1996]. The
best results for the modeling of the experiments were obtained using the surface tension
of pure water and not that of water with surfactants. The fact of considering the dynamic
surface tension during drop impact was attributed to the slow diffusion of the surfactants
to the surface.

The simple rheological properties of Newtonian fluids make them ideal to achieve a
better understanding of the processes occurring during drop impact. On the other hand,
the impacts of non-Newtonian drops was not as thoroughly explored, despite being more
relevant in industrial processes. We report, here, studies on non-Newtonian fluids drop
impacts. These studies are organized by the rheological behavior of the fluids of interest
and are non-exhaustive.
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1.2.1 Shear-thinning fluids

For non-Newtonian materials, viscosity varies with the shear rate. Fluids for which the
viscosity decreases at high shear rates are called shear-thinning. Considering the thinning
behavior of such fluids for impact dynamic is crucial, as the rates reached during this
process can be very high. It is a complex problem because shear rate varies with space
and time during drop impact and sheet expansion and receding. Polymeric fluids (homo
polymer solutions or melts) belong to this class of fluids.

Adding a small amount of water-soluble polymer such as polyethylene oxide (PEO)
in a drop of water can prevent its rebound when impacting a hydrophobic substrate
[Bergeron 2000] or also reduce splashing (see Figure1.14) [Crooks 2000, Bertola 2012].
Crooks et al. impacted fluids of which they had measured the transient elongational viscos-
ity with an opposed jet rheometer [Crooks 2001]. For increasing ratios of elongational over
shear viscosity, they found a decrease of the maximal diameter and the maximal height
after rebound reached by drops of dilute polymer solutions after impact. The anti-rebound
effect was attributed to the rise in elongational viscosity, as the shear viscosity of these
fluid did not change because of the additives.

Figure 1.14: Splashing inhibition for a drop impacting onto a hot surface by addition of a
minute amount of polymer of high molecular weight [Bertola 2012].

Bertola studied the impact of drops of PEO solution in the Leidenfrost conditions
[Bertola 2009]. The author found that the maximal expansion is slightly smaller for the
PEO solution than for water, and that the sheet is more stable at high We. He concluded
that the energy distribution and dissipation must be different for the two types of fluids.
In contrast to the anti-rebound effect observed in previous studies, Bertola observed an
enhancement of the drop rebound for high Weber number. This result suggests that the
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actual effect, that can be observed thanks to the non-wetting conditions, of elongational
viscosity is not as important as it was expected from impact on hydrophobic substrates.
Additionally, small concentrations of polymer additives were shown to affect only the
receding phase of the impact process [Rozhkov 2003, Bartolo 2007] while larger concen-
trations influenced both the spreading and receding phases [Rahimi 2011].

An and Lee studied the impact of drops of xanthan solutions and quantitatively
compared the impact outcomes with the ones of Newtonian fluids [An 2012]. They showed
that the spreading behavior of the shear-thinning fluids can be captured by models
developed for Newtonian fluids if one uses an effective shear viscosity defined as the
average between the infinite-shear viscosity (viscosity at very high shear rates) and the
zero-shear viscosity. Figure 1.15 shows the authors’ illustration of the viscosity of a
shear-thinning drop during impact.

Another well-known shear thinning fluid is blood. Studying the impact of blood
droplets is also of great interest for forensic studies. De Goede et al. compared the
splashing behavior of blood and Newtonian drops and found no qualitative differences
in the splashing velocity even for different types of substrates [De Goede 2018]. They
concluded that blood can be approximated as a Newtonian fluid during splashing.

Figure 1.15: Schematic representation of the viscosity variation throughout the impact
process for a shear-thinning drop [An 2012].
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1.2.2 Shear-thickening fluids

Shear-thickening fluids are less common than their thinning counterparts, and typically
show an increase in viscosity as the shear rate increases. The shear rates involved in
the drop impact experiments can be easily controlled by increasing the velocity of the
impacting drop, which allows one to probe and observe different interesting effects of
the shear-thickening nature of such fluids. Bertola and Haw impacted drops of poly-
methyl-methacrylate particle suspensions of high concentration over substrates of different
wettability [Bertola 2015]. The drops did not exhibit inertial spreading unlike drops of
Newtonian and non-Newtonian fluids. On hydrophobic surfaces, the drops relax into a
spherical cap shape and stays frozen in this state for several days. This phenomenon
was attributed to dilatancy and jamming occurring upon impact. Boyer et al. later
impacted concentrated suspensions of cornstarch and polystyrene spheres. They observed
the maximal deformation to be independent of the impact velocity and the deformation
to suddenly stop during expansion [Boyer 2016]. The authors explained theoretically this
phenomenon balancing kinetic energy with the energy dissipated through viscous forces,
neglecting the effect of surface tension, which is dominated by the viscous forces.

1.2.3 Yield-stress fluids

Yield stress fluids are relevant for drop impact experiments, as paint belongs to that
category of fluids. Yield-stress fluids flow as liquids only for a sufficiently large applied
shear stress, and are otherwise predominantly solid. Thus, they behave like an elastic solid
or a viscous liquid, depending on the experimental conditions [Luu 2009, Chen 2016].

Luu and Forterre compared the impact of model yield-stress fluids (Carbopol microgel
solutions) on smooth and rough hydrophobic surfaces [Luu 2013]. They observed a su-
perspreading (twice the spreading occurring on a smooth surface in the same conditions)
regime on the rough hydrophobic surfaces at high Reynolds and Weber numbers, which was
attributed to the surface roughness. Very recently, Sen et al. impacted yield stress fluids
(Carbopol and Laponite suspensions) with and without aging and found that splashing
was suppressed for the aged samples as compared to the unaged ones [Sen 2021]. After
considering several hypotheses, the authors found that the most relevant explanation to
the evidenced thixotropic effects is an increase in the yield stress σy proportional to the
aged linear elastic modulus G′.

1.2.4 Maxwell fluids

Maxwell fluids are simple viscoelastic fluids characterized by an elastic modulus, G0,
and a relaxation time, τ . This type of fluids are interesting for drop impact as their rheo-
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Figure 1.16: Snapshots of impacts on a glass surface of Carbopol in solution for different
concentrations and impact velocities (a) 1 wt% and v0 = 0.5 m/s (b) 1 wt% and v0 = 2.1

m/s and (c) 0.2 wt% and v0 = 4.3 m/s. The time interval between the pictures is 4 ms
for (a), 5.6 ms for (b), and 0.7 ms for (c). The scale bars are 5 mm [Luu 2009].

logical properties can be tuned in order to access different visco-elasto-capillary regimes.
Indeed, for large relaxation times as compared to the time of the experiment, the fluid
behaves essentially as a solid and the maximal expansion is expected to be governed by
the bulk elasticity. On the contrary, when the relaxation time is much lower than the
time of experiment, the fluid can be assimilated to a viscous fluid. In this case, the maxi-
mal expansion is expected to be governed by capillarity or viscosity as for Newtonian fluids.

Arora and coworkers have studied the impact dynamics of viscoelastic fluids obtained
by reversibly crosslinking micelles or oil droplets stabilized in water with block copolymers
[Arora 2016, Arora 2018]. The linear viscoelastic behavior of these fluids can be accounted
for by a Maxwell fluid model. When impacting on a small target, the authors found
that for the fluids whose relaxation time is lower than the typical lifetime of the sheet
(Micelles C12 and Microemulsions C12 in Figure 1.17), the maximal expansion is the same
as for a Newtonian fluid with an equal zero-shear viscosity [Arora 2016]. On the other
hand, they observed a deviation of the maximal expansion for samples with relaxation
times larger than the typical lifetime of the sheet (Micelles C18 and Microemulsions
C18 in Figure 1.17) with respect to Newtonian fluids. Indeed, the maximal expansion
for these fluids was strongly enhanced as compared to Newtonian fluids and Maxwell
fluids whose relaxation time is lower than the typical lifetime of the sheet. Arora et al.
accounted for the samples’ viscoelasticity by considering the dynamic viscosity, defined
as η′ = G′′(ω)

ω
where G′′(ω) is the loss modulus and ω, is the frequency. η′ is evaluated at
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ω = 1
tmax

, to consider relevant timescale for the impact. The experimentally acquired data
collapsed when plotted as a function of this relevant dynamic viscosity (see Figure 1.17 b)).

a) b)

Figure 1.17: Maximum diameter (normalized by its value at low viscosity) for Newtonian
and viscoelastic fluids impacted on a small target as a function of a) the zero-shear
viscosity, η0 and b) the dynamic viscosity, η′ [Arora 2016].

The viscoelastic samples with relaxation times larger than the typical lifetime of the
sheet, which can thus be considered as elastic beads, were also impacted in cold Leidenfrost
conditions [Arora 2018]. Along with the viscoelastic samples, Newtonian liquids in the
capillary regime and ultra-soft elastic beads were also impacted. For these three types of
fluids and condition of impact, the viscous dissipation is assumed to be negligible. The
authors provided a universal law in which the maximal spreading factor, dmax

d0
, varies

as the ratio of the impact velocity to a new characteristic velocity, U∗, of the material
for generalized elastic deformations. U∗ =

√
U2
L + U2

S , where UL =
√

3γ
ρd0

is the typical

velocity of free oscillations of a drop and US = G0

ρ
is the velocity of transverse sound

waves in the elastic medium. G0 is the shear modulus of the network. This law extends
previous descriptions of the physics of impact, which rationalize the maximal extension of
Newtonian fluids of low viscosity with surface tension [Biance 2006] and of soft elastic
beads with bulk elasticity [Tanaka 2003, Tanaka 2005]. This unified description predicts,
equally well, the maximum diameter reached by Newtonian fluids in the capillary regime,
Maxwell fluids (with characteristic relaxation times much larger than the time of impact)
or ultra-soft solids, but it neglects the viscous dissipation. This assumption is indeed
reasonable for the fluids considered, but reaches its limit for viscoelastic fluids for which the
viscous and elastic effects are of comparable magnitude and for more viscous Newtonian
fluids. Developing a model to predict the maximal expansion of fluids, where both elastic-
ity and viscosity are expected to play a role, will be the objective of a chapter of this thesis.
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1.3 Experimental outputs and modeling

1.3.1 Expansion dynamics

Numerous theoretical predictions [Josserand 2016] and numerical simulations [Wang 2019,
Wang 2020b, Wang 2020a] of the impact process of Newtonian fluids generally aim to
predict the maximum spreading factor βmax reached by the sheet as a function of combina-
tions of characteristic dimensionless numbers (Reynolds, Weber and Ohnesorge numbers).
In their table, displayed in Figure 1.18, Josserand and Thoroddsen present a few of the
most commonly used formulas in the literature to fit the experimental/numerical results
for βmax of Newtonian drops [Josserand 2016].

Figure 1.18: Different models for βmax as a function of the impact parameters adapted
from [Josserand 2016].

Many models were developed from various approaches, and they all are very much
different in the way that they are formulated. Nevertheless, they all give results in
reasonably good agreement with the experimental and numerical data, making it difficult
to discriminate between the different approaches. Indeed, the maximal diameter reached
by the drop upon impact does not vary by many orders of magnitude and power law
scaling are thus difficult to evaluate. Furthermore, at high We, splashing occurs, making
these asymptotic relations unverifiable. In addition, most asymptotic models usually
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neglect the initial drop radius, which should be taken into account in order to properly
establish a relation between βmax and the impact parameters [Josserand 2016].

Semi-empirical models based on the length scales typically encountered in drop impact
experiments generally separate the problem in two regimes: a capillary regime where βmax

depends only on We and a viscous regime for which βmax depends on Re solely [Eggers 2010].
Three modes of spreading can be considered [Yarin 2017]. In the first mode, for which
We and Re are relatively small, βmax is governed by the viscous and capillary forces. The
second mode considers the situation in which the capillary forces govern the maximal
expansion. Finally, the third mode considers the case where only the viscous effects control
βmax. In this third mode, We is infinite and, in this limit, Roisman estimates βmax ∝ Re1/5.
He then corrects his prediction to account for the finiteness of We by estimating the typical
length scale associated with the rim motion. Fitting the experimental data acquired in
different works by different groups [Roisman 2002, Pasandideh-Fard 1996, Cheng 1977],
Roisman obtains the expression reported in the table in Figure 1.18 and plotted against
the data in Figure 1.19.

Figure 1.19: Comparison of the theoretical values obtained with the expression from
Roisman for βmax (see Figure 1.18) with the experimental data from [Roisman 2002,
Pasandideh-Fard 1996, Cheng 1977] [Roisman 2009]. Here, the ratio of the maximal
diameter of the sheet to the initial diameter of the drop (βmax in the text) is Dmax.

Among all approaches to predict the maximal expansion of an impacting drop, the
energy balance is widely used with the advantage that it can generally be easily adapted to
new scenarios. During the expansion, the kinetic energy accumulated by the drop during
its fall is partially stored into surface and bulk elasticity and lost by viscous dissipation.
The energy balance approach considers the kinetic energy and surface energy of the drop
before and during impact, as well as the energy lost throughout the expansion by viscous
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dissipation. To predict the maximal spreading factor, βmax = dmax
d0

, these models consider
different simplifying geometries of the sheet (see Figure 1.20), allowing to estimate the
different energies at play [Attané 2007].

Figure 1.20: Different possible simplifying geometries used to model the expanding sheet
with the energy balance considerations: spherical cap, cylinder and rimmed cylinder
[Attané 2007].

A limitation of energy balance-based models is that one needs to know the velocity
field to correctly estimate the dissipated energy [Yarin 2017]. Moreover, energy balance
models do not usually account for the edge effects associated with the formation of the
rim, which were shown to be significant [Roisman 2009]. Furthermore, several numerical
and experimental studies have found that, even if friction at the solid surface is negligible,
approximately half of the initial kinetic energy is lost upon impact and not converted into
surface energy regardless of the properties of the liquid or impact velocity (for We between
30 and 3000) [Wildeman 2016, Padmanathan 2019]. This energy loss was attributed to
internal flows in the drop. Unfortunately, such energy losses are usually not accounted for
in the existing models. Despite the difficulty to account for the energy loss, the predictions
obtained with models based on energy balance arguments show reasonable agreement
with experiments and numerical simulations [Josserand 2016].

Harmonic oscillator model The drop impact dynamic is quite complex, which makes
the following model stand out because of its notable simplicity. A harmonic spring
model (as represented on Figure 1.21) was first proposed by Richard and coworkers to
rationalize the contact time of a bouncing drop [Richard 2002]. This phenomenological
model was later used to represent the drop expansion and bouncing by the motion of a
spring-mass system of which the stiffness is proportional to the surface tension for the
Newtonian drops of low viscosity impacting a super-hydrophobic substrate or in Leiden-
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frost conditions [Okumura 2003, Biance 2006]. For soft elastic beads impacting a rigid
surface, the stiffness is proportional to the elastic modulus [Tanaka 2003, Tanaka 2005].
In these systems, the effect of viscosity could be ignored. More recently, this model was
used by Arora et al. to model the expansion of ultra-soft elastic beads and viscoelastic
fluids, with long relaxation times with respect to the duration of the impact experiment,
in cold Leidenfrost conditions. In this model, the spring constant includes the surface
tension and the elastic modulus while neglecting the viscous dissipation [Arora 2018].
The unified description of Arora and coworkers predicts satisfyingly the maximal ex-
pansion reached by the sheet, as well as the time at maximal expansion. The spring
model has been recently adapted to account for viscous dissipation in the rebound of
Newtonian fluids with viscosity up to 200 mPa s by adding, to the model, a Stoke friction
force calculated for the initial drop [Jha 2020]. These models, although successful in
predicting the rebound time or expansion of the fluids investigated, do not hold out for
very viscous fluids (η > 200 mPa s) and more complex viscoelastic fluids for which the
role of bulk elasticity, surface tension and viscosity in the expansion dynamics is non-trivial.

maximal deformation

Figure 1.21: Schematic representation of the mass-nonlinear-spring model from
[Tanaka 2005]. Vi is the initial velocity, M , the mass of the mass-point and Ym, the
maximum vertical displacement of the mass point.

1.3.2 Thickness field of the sheet

Beside the expansion diameter of the sheet, another very interesting parameter to
follow is the thickness field of the expanding drop. The sheet morphology differs from
a simple disk of uniform thickness. To comprehend this behavior, endeavors were made
to obtain experimental measurements and kinematic descriptions of the time resolved
thickness field of the sheet.
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Using the Fourier transform profilometry technique, Lagubeau et al. measured the time
resolved thickness field of drops of glycerol/water mixtures impacting on a flat hydrophobic
surface [Lagubeau 2012]. Their experimental set-up and the profiles they obtained are
depicted in Figure 1.22. They showed that the sheet reaches a residual minimal film
thickness, of the order of 200 µm, governed by the growth of a viscous boundary layer from
the surface. Lagubeau et al. show that the thickness field of the sheet has a self-similar
behavior, as evidenced numerically beforehand [Roisman 2009, Eggers 2010], followed by
a viscous regime once the residual minimal film thickness is reached. Thus, the thickness
field is partially hindered by a boundary-layer effect giving a minimal film thickness, which
scales as Re−2/5d0.

Figure 1.22: (a) Experimental set-up for thickness field measurement by profilometry. (b)
Height mapping of the drop at different times. (c) and (d) Successive thickness profiles in
function of the radial position [Lagubeau 2012].

Lastakowski et al. measured the thickness field of impacting drops of different liq-
uids (ethanol, isopropanol–glycerol mixtures) onto superheated and room temperature
surfaces using dye adsorption [Lastakowski 2014]. The local thickness field was used
alongside the local flow velocity to model the global behavior of drop expansion. An
interesting result is that the time evolution of the thickness of the center part of the
sheet follows a power-law decay in good agreement with theoretical predictions and
with an exponent -1.7 for Leidenfrost impacts. Lastakowski et al. deduce analytically
the evolution of the lamella thickness and obtain a self-similar profile analogously to
[Roisman 2009, Eggers 2010, Lagubeau 2012] with almost no viscous coupling between
the drop and the substrate and when a viscous boundary layer can develop from the
liquid-solid interactions at the surface. In the situation where a viscous boundary layer can
develop, the authors found that a saturation thickness, hf, is reached at the coalescence
of the viscous boundary layer and the sheet thickness in the inviscid case, giving the
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dependence hf ' Re−2/5.

Vernay et al. measured the thickness field of a drop of water with erioglaucine disodium
salt, a dye which allows visualization of the thickness field variation by transmittance
[Vernay 2015a]. The authors evidence two asymptotic regimes at short and long times,
which are delineated by the time, t∗, at which they observe a maximum of the film thickness
for a given radial position. At t < t∗, the thickness of the sheet, h, is proportional to t/r3,
with r, the radial position, as predicted theoretically by [Rozhkov 2004] and at t > t∗,
h ∝ 1/rt as theoretically predicted by [Villermaux 2011].

Later, Wang and Bourouiba unified the two predictions from [Rozhkov 2004] and
[Villermaux 2011] into a self-similar solution for the thickness profile of a liquid sheet
expanding in air [Wang 2017]. They found a good agreement of their unified self-similar
solution with their impact experiments performed on a range of surface-to-drop size ratios
and with the experiments of [Vernay 2015a].

1.3.3 Rim bounding the sheet

At the free edges of a liquid sheet, the capillary forces, opposing the inertia of the
liquid, are responsible for the emergence of a thicker rim propagating, with a finite velocity,
toward the sheet [Yarin 2017]. The ticker rim surrounding the sheet is often assimilated
to a toroid of circular cross-section (see Figure 1.23). Instabilities in this rim are known to
be driven by both the Rayleigh-Taylor and Rayleigh-Plateau mechanisms. They lead to
splashing [Krechetnikov 2010]. Understanding the mechanism of rim destabilization into
smaller droplets during impact is important for a wide range of industrial processes such
as paint, coating, and combustion, but also to understand the propagation mechanism of
diseases in the air. Indeed, the secondary droplets resulting from the fragmentation of
the rim can travel on over long distances to convey plant diseases in the air due to rain
droplets impacting the leaves [Gilet 2015].

Figure 1.23: (a) Dyed water sheet expanding after impact on a small target. (b) Schematic
representation of the expanding sheet cross-section. [Wang 2017]
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The rim is the critical link between the sheet and droplets, and its destabilization has
been extensively investigated. For example, Villermaux and Bossa discussed the reasons
of rim destabilization and reported experimentally the evolution of the radius of the sheet,
its stability and the resulting fragment drop size distribution [Villermaux 2011]. Later,
Wang et al. have come up with a criterion predicting the unsteady fragmentation of the
sheet where the thickness is governed by a local instantaneous Bond number equal to
unity and calculated with the instantaneous local rim acceleration [Wang 2018]. Very
recently, Wang and Bourouiba have physically explained the birth, growth and breakup
of filaments from the rim [Wang 2021a].

On the other hand, very little research have taking interest in the growth dynamics
and shape of the rim during the expansion of a liquid sheet without destabilization. In
their paper about water spreading on glass, Roux and Cooper-White reported the rim
thickness (which they call foot thickness) from side view imaging for several impact
velocities [Roux 2004]. As it can be seen in Figure 1.24, the thickness grows approximately
linearly with time until reaching a maximum value. This maximum value was found to
decrease as the impact velocity increased. Additionally, they found that the rate at which
the rim thickness grows also decreases when the impact velocity increases.

a)

b)

c)

Figure 1.24: a) Snapshot of a water drop impacting a glass surface at v0 = 0.76 m/s.
b) Schematic representation of the side view of an expanding drop with the expanding
radius, R(t), the height, h(t), the foot thickness, T (t), and the apparent contact angles
θleft(t) and θright(t). c) Time evolution of the foot thickness for different impact velocities
[Roux 2004].

Later, de Ruiter et al. also measured the height of the rim from side view imaging but
at early times (t < tcol = d0

v0
with d0, the initial diameter of the drop, and v0, the impact

velocity) for methanol, ethanol, and isopropanol drops impacting a mirror at different
impact velocity [de Ruiter 2010]. They observed, at low impact velocity (0.9, 1 and 1.2
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m/s), the same monotonic increase of the thickness with time and decrease with increasing
impact velocity. At higher impact velocity (1.4, 1.5 and 1.6 m/s), however, a plateau is
observed in the time evolution of the thickness.

Eggers et al. developed a model for the rim dynamics by writing the mass and
momentum balance at the rim [Eggers 2010]. They evaluated the volume, considering
the rim as a torus. Their model predicts the rim size and mass to grow only during the
receding regime of the sheet.

Ogawa et al. measured the time evolution of the cross-sectional radius of the rim from
a sheet formed by the impact of a glycerol/water mixture on a small target [Ogawa 2018].
This cross-sectional radius was obtained by averaging the rim width over each angular
position from 0 to π. The authors show a deviation of the experimental measurements
of the cross-sectional radius with half of the capillary length as expected from the pre-
diction of [Wang 2018]. Indeed, the Latter claim that the cross-sectional diameter of
the rim corresponds to the capillary length based on the edge deceleration only for a
local rim Reynolds number of 8.5, which is not the local rim Reynolds number obtained
by [Ogawa 2018]. Additionally, they derive an expression for the radial velocity of the
liquid entering the rim from the sheet and for the sheet thickness in contact with the rim
from the volumetric flow rate of the fluid entering the rim. This volumetric flow rate
is calculated using the measured cross-sectional radius of the rim and the sheet radius,
considering the rim to be a torus.

Very recently, Wang used their "Advanced Image Processing" algorithm to measure
the width, height and volume of the rim and fingers during unsteady fragmentation of
dyed water drops impacted on a small target [Wang 2021b]. Their algorithm separates
the ligaments from the rim and measures the rim thickness for each angular position.
The width of the ligament is averaged along its length, which is given by the curvilinear
distance from root to tip. Finally, the volumes of the rim and of the ligaments are
calculated assuming an axisymmetric circular cross-section. The rim is thus assimilated
to a torus. They found that the thickness of the sheet at the rim scales with We−1 and
show that the volume of fluid shed from the rim, at all time, is of the same order of
magnitude as the rim volume itself. Wang and Bourouiba theoretically predict the rate
of volume injection into the rim, Qin, as well as the cumulative volume fraction entering
the rim, Ωin/Ω0. They confront the theory with their experimental data for water drops
impacted at different Weber numbers and show good agreement as well as no dependence
of Qin and Ωin/Ω0 with We. Figure 1.25 shows a schematic drawing of the sheet with
b, the width of the rim, qout and qin, the rate of fluid volume leaving and entering the
rim respectively, r the radial axis, r0, the initial radius of the drop and rs, the radius of
the sheet along with experimental measurements confronted to theoretical rationalizations.
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Figure 1.25: (a) Schematic representation of the sheet. (b) The cumulative fluid volume,
Ωin, entering the rim from the sheet normalized by the initial volume of the drop,
Ω0, (c) the rim thickness, b, normalized by the initial drop diameter, d0, and (d) the
cumulative volume, Ωout, shed from the rim normalized by Ω0 as a function of time
normalized by the capillary time, τcap. The solid lines are the theoretical predictions for
We = 679. In the insets, the experimental values are normalized by their theoretical
predictions.[Wang 2021b]

1.4 Motivations

We have seen that many experimental configurations have been developed to study
various outcomes of the impact of Newtonian and viscoelastic drops, as well as elastic
beads. The field is, in fact, not exhaustive and allows for much development. The dynam-
ics of water drop impact is very well documented and understood, allowing researchers to
go further in the understanding of complex fluids dynamics upon impact. Yet, the way
we should account for dissipation and elasticity in the expansion dynamics of Newtonian
and viscoelastic fluids is still unclear. In this thesis, we will try to answer remaining open
questions in the field by selecting the experimental set-ups and fluids to be in the optimal
conditions.

An objective of this thesis is to provide deeper understanding of the dissipation pro-
cess during drop impact not only for Newtonian fluids but also for viscoelastic fluids.
We impact rheo-thinning fluids, which are the most important class of complex fluids,
and Newtonian fluids with viscosities spanning over three orders of magnitude, first,
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in simplified, repellent conditions to evaluate the dissipation due to biaxial extensional
deformation. Thereafter, the same fluids are impacted on small solid targets of increasing
sizes, playing with the mixed flow field which combines biaxial extensional and shear
dissipation. This competition between shear and biaxial extensional viscous dissipation
within the framework of impact dynamics is investigated for the first time, to the best of
our knowledge, in this thesis.

Complex fluids are further investigated and reveal the effect of a non-trivial combina-
tion of viscosity, capillarity and bulk elasticity on the expansion dynamics. The fluids
considered in this part of the thesis are model Maxwell fluids, which have been carefully
home-synthesized in order to finely tune the relaxation time and elastic modulus, thus
giving access to different visco-elasto-capillary regimes. They are characterized by low
elastic moduli, and relaxation times varying over almost two orders of magnitude. The
impacts are performed on a repellent surface to simplify as far as possible the experimental
conditions and thus obtain a better understanding of the effect of the fluid properties on
the expansion dynamics.

Moreover, the rim was not thoroughly studied and measurements of the rim shape
are still missing to fully understand the rim dynamics during sheet expansion after drop
impact. We thus take the opportunity provided by the configuration of our experimental
set-up for drop impact in cold Leidenfrost conditions to improve knowledge about the rim
dynamics.

Beside being relevant to numerous industrial processes, drop impact experiments is a
great tool to probe the mechanical properties of viscoelastic fluids and ultra-soft solids
under equibiaxial extensional deformation. Despite being ubiquitous in the processing
of polymeric materials, measurements of rheological properties of viscoelastic fluids and
ultra-soft solids under equibiaxial extensional deformation are limited. Indeed, obtaining
well-controlled equibiaxial elongational deformations in the laboratory is challenging.
Several solutions exist such as bubble inflation [Joye 1972, Maerker 1974, Johnson 2016],
lubricated squeezing flow [Huang 1993, Venerus 2010, Venerus 2019], opposite nozzle
flow [Cathey 1988, Walker 1996] or spinning drop apparatus [Joseph 1992, Pieper 1998,
Xie 2017] but they all have their drawbacks. The work in this thesis will also be considered
with this in mind. This is why the deformation of soft polyacrylamide beads in a spinning
drop apparatus is investigated, deepening our comprehension over the biaxial extensional
deformation obtained during drop impact.
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The first part of this chapter is dedicated to the description of the different methods
and set-ups employed to characterize the samples. The second part of the chapter gives a
complete description of the chemical systems studied in this thesis.

2.1 Methods

2.1.1 Measure of surface tension

Interfacial tension is a phenomenon that, at the molecular level, results from the
difference in energy between molecules at a fluid interface when compared to their bulk
counterparts. It is equally correctly described as a measure of how much energy is required
to make a unit area of interface between two immiscible liquids. Knowing the surface
tension of our systems is crucial for the rationalization of our experimental results because
when the drop expands following its impact on a surface, the material surface increases,
resulting in enhanced surface energy. Here, we present different techniques used to measure
the steady and dynamic surface tension of the air/sample interface.
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2.1.1.1 Pendant drop

Measurements of the surface tension at equilibrium are performed optically using the
profile analysis tensiometer, PAT1M, from Sinterface. This equipment analyzes the shape
of a drop hanging from a needle. This shape is determined by the balance of forces,
particularly surface tension and gravity. The surface tension aims to minimize the surface
area by conferring a spherical shape to the drop, while gravity elongates the latter. The
analysis of the drop shape is based on the Young-Laplace equation which relates the
pressure difference, ∆P , between the inside, Pin, and outside, Pext, to the curvature of the
interface.

𝜌in 𝜌ext

Figure 2.1: Schematic representation of a pendant drop.

∆P = Pint − Pext = γ

(
1

R1

+
1

R2

)
(2.1)

with γ, the surface tension and R1 and R2 the principal curvature radii of the drop
(Figure 2.1). After numerical resolution of the Young-Laplace equation, the surface tension
can be related to the drop shape by the equation

γ =
∆ρgR2

0

β
(2.2)

with ∆ρ = ρin− ρout, the density difference between the inside and outside of the drop,
g, the gravitational force, R0, the drop radius of curvature at the apex and β =

∆ρgR2
2

γ
, the

bond number introduced in 1883 by Bashforth and Adams [Berry 2015]. It is important
for this technique to have no elasticity in the fluid as the resulting complex inertial flow
fields might inhibit analysis using the equilibrium Young–Laplace equation [Berry 2015].
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For this reason, the surface tension of the viscoelastic fluids in this thesis are measured on
samples in the very dilute regime.

2.1.1.2 Dynamical surface tension measurements

In the case of drop impact experiments, the relevant surface tension quantity should be
taken from the dynamic measurement of surface tension as the impact event lasts around
10 ms. For surfactant-based samples, this dynamic value of surface tension is different
from its equilibrium value [Zhang 1997]. Here, we measure the dynamic surface tension
with the bubble pressure method and compare the time corresponding to drop impact
dynamics to the surface age of the bubble in the maximum bubble pressure measurements.

In the maximum bubble pressure method, a capillary is partially immersed in a bath
of the liquid of interest. Air is then expelled from the capillary into the liquid, creating a
bubble. The pressure inside of the bubble is measured by a manometer at the tip of the
capillary and depends on the bubble curvature radius, rB. As the air is blown inside the
bubble, the curvature radius decreases until reaching a minimum which corresponds to
the radius of the capillary, RKap. At this point, the pressure in the bubble is maximum, as
depicted in Figure 2.2, and the surface tension can be evaluated using the Young–Laplace
equation for spherical bubble shape within the liquid:

γ =
RKap

2
(Pmax − Pmin) (2.3)

After this, the bubble quickly increases in size before detaching from the capillary tip
allowing a new bubble to take its place.

At a newly created interface with a liquid containing surfactants molecules, the
interfacial surface tension gradually decreases as the surfactant molecules move towards
the interface until the interfacial surface tension reaches its equilibrium value. The time
to reach the equilibrium surface tension depends on the bulk surfactant concentration
and the mobility of the surfactants in the liquid. By varying the bubble lifetime, we have
access to a dynamic measurement of the surface tension since rB will reach RKap after
more or less time. The resulting variation of the surface tension with time can be fitted
with the equation [Xi Yuan Hua 1988]

γ − γinf =
γ0 − γinf
1 +

(
t
t∗
)n (2.4)

With γinf, the equilibrium value of the surface tension, γ0, the surface tension of the
solvent, t∗, a fitting parameter with units of time and n, a fitting exponent.

The dynamic surface tensions measurements were performed using a maximum bubble
pressure tensiometer from Sita (with a resolution of 0.1 mN/m for the surface tension
and 1 ms for the bubble lifetime) as part of an industrial secondment at DSM, in The
Netherlands.
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Figure 2.2: Schematic representation of the maximum bubble pressure method
[GmbH-Internetagentur 2020]. rB is the curvature radius of the bubble and RKap, the
capillary radius.

2.1.1.3 Spinning drop tensiometer

𝜌0 > 𝜌𝑖
z
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R0

𝜌𝑖 ,G0

𝜔 > 0

𝜔 = 0
a)

b)

Figure 2.3: Schematic representation of a) a spherical drop at rest immersed in a liquid
of higher mass density and b) deformed by centrifugal forcing while rotating with and
angular velocity, ω > 0. The drops are contained in a cylindrical capillary.

A spinning drop tensiometer drives a drop immersed in a denser immiscible fluid in
rotation by spinning the capillary in which they are placed. The equilibrium shape of
the drop under rotation is related to the interfacial tension between the drop and the
surrounding fluid by Vonnegut’s equation.

γ =
∆ρω2

4
R3

0 (2.5)

with ∆ρ, the difference between the densities of the drop and of the surrounding fluid
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and R0, the initial radius of the drop.

Though this type of tensiometers are usually used to measure low liquid-liquid inter-
facial free energies [Vonnegut 1942, Bamberger 1984, Liu 2012], it has been also used to
characterize the mechanical properties of thin elastic capsules [Pieper 1998] and viscoelas-
tic properties of polymer melts [Joseph 1992, Patterson 2007].

We investigate the biaxial deformation of soft elastic beads immersed in a denser
immiscible fluid by spinning them in the capillary of the KRÜSS spinning drop tensiometer
(SDT). A soft bead of polyacrylamide is placed in a capillary filled with a denser immiscible
fluid (a fluorinated oil under the commercial name Fomblin Y, LV AC25/6 with a density
ρ = 1.9 g/mL). The capillary is put under rotation at a given angular velocity, ω, ranging
from 6000 to 15000 rpm and the bead starts to stretch along the axis of rotation because of
the centrifugal forces (see Figure 2.3). The rotation forces the bead to take an ellipsoidal
shape with axes X = λbR0, Y = λbR0 and Z = λaR0. Where λa and λb, the stretch ratios,
are two strictly positive constants. The equilibrium shapes of the elastic bead is analyzed
for each angular velocity.

2.1.2 Rheology

Rheology is the discipline that studies the deformation and flow of matter when
submitted to an external stress. Its name was inspired by "Panta rhei", the aphorism
of Heraclitus meaning "everything flows". Newtonian fluids such as air or water can be
characterized by a coefficient of viscosity independent on the strain rate, which is not
the case for most fluids. These fluids whose coefficient of viscosity varies with the rate of
deformation are called non-Newtonian fluids, and they can be characterized by rheology.

2.1.2.1 Shear rheology

Principle of shear rheology A shear flow consists of the relative motion of adjacent
fluid layers when subjected to an external force. A simple example of a shear flow is
the planar Couette flow, in which shear is generated between a moving and a fixed solid
surface as depicted in Figure 2.4. The top plate is put into motion at a velocity, v, by
a force, F . The shear strain is given by γ = d

h
where d is the displacement and h, the

distance between the plates. The shear rate is given by γ̇ = v
h
. The resulting shear stress,

σ = F
S
, is given by the force applied on the moving plate by the materials divided by the

area of the plates, S. The shear viscosity, η, is given by Newton’s law and relates the
shear stress to the shear rate, η = σ

γ̇
. The elastic modulus, G, is given by Hooke’s law and

relates the shear stress to the shear strain, G = σ
γ
.
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Figure 2.4: Schematic representation of a planar Couette flow.

To measure these quantities, we use rotational rheometers. Maurice Couette built in
1890 the first practical rotational rheometer [Macosko 1994]. Such instrument establishes
a relationship between the shear stress, σ, and the shear strain, γ, by measuring the stress
relaxation for an applied strain (strain controlled rheometer) or the strain response to an
applied stress (stress controlled rheometer).

Figure 2.5: Oscillatory shear response in blue to an applied sinusoidal strain in red.

When conducting oscillatory shear measurements, that can be performed with a
rotational rheometer, the applied strain is sinusoidal and the resulting stress oscillates
sinusoidally at the same oscillation frequency, ω, but with a shifted phase angle, δ,
comprised between 0 and π

2
as seen in Figure 2.5. The applied deformation is given

by equation 2.6 and the response by equation 2.7. The stress wave (Eq. 2.6) can be
decomposed into two waves of the same frequency leading to two dynamic moduli: G′,
the storage or elastic modulus in phase with the applied strain wave, and G′′, the loss or
viscous modulus out of phase with the applied strain rate.

γ(t) = γ0 sin(ωt) (2.6)

σ(t) = σ0 sin(ωt+ δ(ω)) (2.7)

σ(t) = σ0 cos(δ(ω)) sin(ωt) + σ0 sin(δ(ω)) cos(ωt) (2.8)

σ(t) = γ0 G
′sin(ωt) + γ0 G

′′cos(ωt) (2.9)
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From equations 2.8 and 2.9, the relationship of G′(ω) and G”(ω) can be retrieved.

G′(ω) =
σ0

γ0

cos(δ(ω)) (2.10)

G′′(ω) =
σ0

γ0

sin(δ(ω)) (2.11)

Models for common complex fluids

Maxwell fluid One mode Maxwell model describes the behavior of the simplest
viscoelastic liquid using a spring, to account for the elastic nature of the sample, and a
dashpot, to account for its viscous nature as shown in Figure 2.6. The spring deforms
instantaneously and relaxes immediately upon stress release, and the dashpot extends
with time as long as the stress is applied. The constitutive equation of the one mode
Maxwell model is given by:

σ +
η

G0

σ̇ = ηγ̇ (2.12)

With η, the viscosity, G0, the characteristic elastic modulus and τ , the characteristic
relaxation time. In this model, the storage and the loss moduli respectively read

G′(ω) =
G0(ωτ)2

1 + (ωτ)2
(2.13)

G′′(ω) =
G0(ωτ)

1 + (ωτ)2
(2.14)

Figure 2.6: Representation of the one mode Maxwell model.
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Shear thinning fluids We can also measure the dependence of the viscosity on the
shear rate, γ̇, by applying a shear rate ramp and measuring the steady state viscosity.
This kind of experiment may highlight shear thickening (η increasing with increasing γ̇) or
thinning (η decreasing with increasing γ̇) behavior. The latter is more commonly observed
as compared to the previous one, which explains the multitude of phenomenological models
developed to describe the shear thinning phenomenon. Among these models, the Cross
model, given by Equation 2.15 [Cross 1965], is widely used to provide a good description
of the shear-thinning behavior.

ηS(γ̇) = η∞ +
η0 − η∞

1 + (kγ̇)n
(2.15)

With η∞, the viscosity at very large shear rate that is often comparable to the solvent
viscosity, η0, the zero-shear-rate viscosity, n, the shear-thinning exponent and k, a param-
eter corresponding to the inverse of a critical shear rate that differentiates a Newtonian
regime from a shear-thinning regime.

Experimental protocol To perform our shear rheological measurements, we use two
rotational rheometers: the Anton Paar MRC302 or the Ares RFS 1KFRT rheometers,
equipped with stainless steel cone and plate geometries of diameter 50 mm, cone angle of
1◦ and truncation of 101 µm or a stainless steel cylindrical Couette geometry for very dilute
samples. Dynamic strain sweeps with strain amplitude from 0.1% to 100% are conducted at
frequencies of 10 and 50 rad/s to define the linear viscoelastic regime. Dynamic frequency
sweeps are performed in the linear regime, for an oscillation frequency, ω, varying from
100 to 0.01 rad/s. Temperature control is ensured by a Peltier element (accuracy of 0.2◦C).

2.1.2.2 Extensional rheology

Extensional deformations are present in many industrial processes such as fiber spin-
ning, thermoforming, film blowing, blow molding, and foam production [Macosko 1994].
This type of flow as been less investigated for soft viscoelastic samples, as it is difficult to
generate a homogeneous extensional flow for such materials. Three types of extensional
flow exist: uniaxial (Figure 2.7.a)), planar (Figure 2.7.b)), and biaxial (Figure 2.7.c)). For
uniaxial extensional deformation, the sample is stretched in one direction and compressed
equally in the two others. In planar extension, the deformation in one of the direction is
prohibited and the sample reduces only from one direction while it is being stretched in the
third direction. For biaxial extension, the material is equally stretched in two directions
while it is compressed in the third direction. Biaxial extensional flow is usually thought of
as a flow which produces a radial tensile stress [Steffe 1996]. The biaxial extensional flow
is of interest for our drop impact and spinning drop experiments. For this reason, this
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flow will be described more extensively below.

b) Planar Extensional Flow c) Biaxial Extensional Flowa) Uniaxial Extensional Flow

x1

x3

x2

x1

x3

x2

x1

x3

x2

Figure 2.7: Schematic representation of a material under a) uniaxial b) planar and c)
biaxial extension.

Biaxial extensional rheology Let us consider a material in Cartesian coordinates
undergoing biaxial extension as in Figure 2.7.c). The velocity distribution in the biaxial
extensional flow produced by this deformation reads

u1 = ε̇x1

u2 = ε̇x2

u3 = −2ε̇x3

where ε̇ > 0 is the biaxial extensional rate. For the flows considered in this work, axial
symmetry leads to the more convenient choice of cylindrical coordinates, which gives the
velocity distribution 

ur = ε̇r

uθ = 0

uz = −2ε̇z

Because there in no shear involve in the pure biaxial extensional flow, the stress tensor
components σrz = σrθ = σzθ = 0. The strain tensor, D, reads

D =

ε̇ 0 0

0 ε̇ 0

0 0 −2ε̇

 (2.16)

The normal stress difference that drives the biaxial flow is

σB = σrr − σzz (2.17)

For a viscous fluid, the stress tensor is
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σ = 2ηD (2.18)

with η, the shear viscosity.
From equations 2.16, 2.17 and 2.18,

σB = ηBε̇ (2.19)

where the biaxial extensional viscosity is defined in terms of shear viscosity as ηB = 6η.
This relationship between biaxial extensional and shear viscosities holds for Newtonian

fluids and in the limiting case, lim
ε̇B→0

ηB(ε̇B) = 6 lim
γ̇→0

η(γ̇), for non-Newtonian fluids at small

strains [Steffe 1996]. At high strains, a reliable relationship between shear and extensional
viscosities is still to be established.

2.1.3 Set-ups for drop impact experiments

dmax

d0

h

Light panel

High-speed 

camera

a) b)

dT

Light panel

Liq. N2

Quartz plate 

covered with 

liquid N2

Falling drop

High-speed 
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Figure 2.8: Schematic illustrations of the set-up for drop impact on targets a) and on a
quartz plate covered with a thin layer of liquid nitrogen b). The impact is simultaneously
recorded from the side and the top by two high-speed cameras.

To perform the drop impact experiments, we use two set-ups presented in Figure 2.8
for which drops are impacted on a) a target or b) a thin layer of liquid nitrogen. In both
cases, drops of fluid are formed with the help of a syringe pump running at 1 ml/min and
connected, through a flexible Teflon tube, to a needle (with an internal diameter of 2 mm)
centered and placed vertically above the zone of impact. Because the internal diameter of
the needle is fixed, small variation in the initial diameter, d0, of the drops will occur because
of the different surface tensions of the samples. In our experiments, d0, varies between 3.1

and 3.8 mm as measured from d0 =
√

4A0/π with A0, the surface of the drop right before
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impact. The distance from which the drop is released dictates its velocity upon impact,
which is given by a free fall law with a zero initial velocity and neglecting air friction:
v0 =

√
2gH with H the height from which the drop is released and g the acceleration due

to gravity. Vernay et al. showed that this approximation is quite reasonable [Vernay 2016].

The drop falls from the needle on the target or on the cold quartz plate covered
with the liquid nitrogen layer. Upon impact, the drop is stopped in its fall and violently
deformed into a liquid sheet which expands radially. The latter expands until reaching
a maximal diameter and then retracts owing to the surface tension and stored elastic
energy. The sheet is bounded by a thicker border called rim that can destabilize into
ligaments and can lead to secondary drops ejections depending on the fluid viscosity, the
impact velocity and the amount of dissipation occurring during the event. When the
dissipated energy is very low, the drop can rebound after the retraction phase[Rioboo 2001].

The impact events are filmed by a high speed camera, Phantom V 7:3, operating
at 6700 fps with a resolution of 800 × 600 pixels2 from the top. The camera forms an
angle of approximately 10◦ with the vertical plane. For most experiments, a simultaneous
recording of the expansion is captured from the side by a Phantom miro M310 operating
at 3200 fps with a resolution of 1280 × 800 pixels2. The illumination enabling proper
acquisition is provided by high-intensity backlights; Phlox HSC with a luminance of 98

cd/m2 and Phlox LLUB with a luminance of 20 cd/m2. To ensure reproducibility, the
impact of each sample is repeated at least thrice. The temperature (20◦C on average)
and humidity (∼ 40%) level of the room is systematically measured before each impact
experiment to control the experimental conditions.

2.1.3.1 Impact on small solid targets

The impact of drops on a small target as represented on Figure 2.8.a was originally
introduced by Rozhkov et al. [Rozhkov 2002].

a) b) c)

Figure 2.9: a) Picture of a translucent target with dT = 17 mm. (b,c) Snapshots of a
viscous sheet of 52% of glycerol in water impacted at v0 = 3.7 m/s on a target of 6 mm
from the top (b) and from the side(c). Scale bars are 5 mm.
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Impact of fluid drops were first conducted on a small aluminum target of diameter,
dT=6.5 mm with an impact velocity, v0 of 4.2 m/s. To avoid dewetting, the target is
covered by a thin glass lamella that is treated with a plasma gun (Corona Surface Treater
from Electro-Technic products) to ensure hydrophilicity [Vernay 2015a]. After rational-
ization of the experimental data obtained with this target, the influence of the target
diameter on the expansion of the drops was investigated using, this time, translucent
targets with diameters from 5 to 30 mm (as seen in Figure 2.9.a). The translucent targets
are made from cured Norland optical adhesive, which has hydrophilic properties. Molds
for the targets are made in aluminum to allow layer by layer curing of the adhesive. For
a few samples, the impact velocity was varied between 1.5 and 4.2 m/s when impacting
the translucent targets of different sizes. For the rest, the impact velocity was fixed at
v0 = 3.7 m/s. Both opaque and transparent targets are set in a coaxial cylinder made
from aluminum to ensure good planarity of the ejected sheet [Villermaux 2011]. The
flatness of the sheet during the expansion which can be compromised by an off-centered
drop or a maladjustment of the coaxial cylinder is ensured by the side view imaging. The
targets are fixed on a Plexiglas plate placed over a high-intensity backlight (Phlox LLUB)
with a luminance of 20 cd/m2. Images resulting from the impact of two fluids on a target
at different times are shown in Figure 2.10.

tmax = 5 ms 2.5 ms 7.5 ms 

tmax = 4.8 ms 2.4 ms 7.2 ms a)

b)

Figure 2.10: Snapshot of drops of a) 52% and b) 80% glycerol-water impacted at v0 =
3.72 m/s on a translucent target of diameter, dT = 6 mm at different times. Scale bars
are 5 mm. As indicated, tmax = 4.8 ms (a) and 5 ms (b), correspond to the maximal
expansion of the sheet.
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2.1.3.2 Cold Leidenfrost conditions

To suppress the shear viscous dissipation that arises from the interaction between
the fluid and the substrate, drop impact experiments are also performed using the cold
Leidenfrost effect (Figure 2.11)[Antonini 2013, Arora 2018].

Figure 2.11: Representation of the cold Leidenfrost effect on the early stage of a drop
impacting on a thin layer of liquid nitrogen (adapted from [Antonini 2013]).

We coat a quartz plate with a thin layer of liquid nitrogen which has a boiling point of
Ts = −196.15◦C. The drop which is at ambient temperature will cause the liquid nitrogen
to evaporate when in its vicinity, thus creating a vapor layer that thermally insulates
the expanding sheet from the substrate and confers nonwetting and slip conditions for
the expansion [Antonini 2013]. Figures 2.12.a,b show top and side views of the maximal
expansion of the sheet formed by the impact of a viscoelastic sample at v0 = 4.7 m/s. The
snapshots show that the sheet at maximal expansion has a near circular shape and lays
almost flat on the nitrogen gas. Snapshots from the top of a sheet formed by the impact
of another viscoelastic sample with v0 = 4.22 m/s at different times are shown in Figure
2.13. To ensure reproducibility, each impact is repeated until each sample has at least
three acceptable experimental results at each impact velocity (ranging from 1.5 to 5 m/s).

a)

b)

Figure 2.12: Snapshots of a viscoelastic sheet (sample M14φ10r6) taken at maximal
expansion from the top (a) and from the side (b). The impact velocity is v0 = 4.7 m/s.
The scale bars represent 5 mm.
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t = 0 0.25 tmax 0.5 tmax

tmax 1.5 tmax 1.75 tmax

Figure 2.13: Snapshot of a drop of viscoelastic sample (WMφ7α1.8) impacted at v0 =
4.22 m/s in cold Leidenfrost conditions at t=0, 0.25 tmax, 0.5 tmax, tmax, 1.5 tmax and 1.75
tmax. where tmax = 5.7 ms is the time at maximal expansion. Scale bars are 5 mm.

For an impact to be accepted, the drop should be supported by the nitrogen gas
all through its expansion. This can be quantified by a simple heat transfer (see section
2.1.3.2) but can also be assessed experimentally. Indeed, as seen in Figure 2.14, if the
amount of liquid nitrogen on the quartz is not sufficient, the sheet will freeze. On the
contrary, if there is too much liquid nitrogen, crown formation, where the outer part of
the sheet is deviated upward during expansion, occurs. To avoid these situations, the
impact is performed at the onset of liquid nitrogen evaporation. This can be achieved
by cooling down the quartz plate sufficiently so that the evaporation is slowed down and
the front of evaporation becomes visible, allowing us to release the drop at the right time
and perform the impact in good conditions. In some cases, crown formation cannot be
avoided (See section 2.1.4.2). In these cases, side imaging is used to apply a correction to
the maximal diameter reached by the sheet.
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a) b)

Frozen part

Crown base

N2 splash

Figure 2.14: Images from impact with too little a) or too much b) liquid nitrogen. The
fluid impacted in a) is water and in b) is silicone oil with a viscosity of 397 mPa s. Both
fluids are impacted at 4.22 m/s. Scale bars are 5 mm.

Heat transfer In the cold Leidenfrost conditions, the drop is impacted on a cold quartz
plate covered with liquid nitrogen at a temperature of Ts = −196.15◦C, the liquid nitrogen
boiling point. The question of a possible temperature change of the drop arises. We can
already see from the impact videos if the drop freezes on the surface or not. To ensure that
its temperature remains constant throughout the expansion, we estimate the heat transfer
when a drop at room temperature impacts a thin layer of liquid nitrogen at Ts. The heat
transfers from the warm drop to the liquid nitrogen, thus inducing its evaporation. The
nitrogen vapor is supported by the liquid nitrogen layer underneath until this latter is
completely evaporated (see Figure SM1). From this situation, two questions arise: how
long does it take for the liquid nitrogen layer to completely evaporate once in the vicinity
of the drop, and what is the temperature of the drop at maximal expansion?

Sample

Liquid N2
e

Td

Ts

Gaseous N2

dmax

Figure 2.15: Schematic representation of the drop in the vicinity of the liquid nitrogen
after impact. Td is the drop temperature, e is the thickness of the liquid nitrogen film
and Ts its boiling point. Before impact, e ≈ 50 nm [Arora 2018].

• Time to evaporate the liquid N2

Heat transfer processes that involve change of phase of a fluid are dominated by
convection because of the fluid motion induced during the process [Cengel 2002]. Thus,
the rate of heat change between the vapor and the liquid N2 is given by:

hS∆T = L
dmN2

dt
(2.20)
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Here, mN2 is the mass of liquid nitrogen to evaporate, dmN2

dt
is its vaporization rate,

L = 199 kJ/kg [Çengel 2001] is the latent heat of vaporization, h is the convection heat
transfer coefficient, S, the area of contact and ∆T = Tv − Ts where Tv is the N2 vapor
temperature and Ts, the temperature of the liquid nitrogen. We assume the temperature
of the N2 vapor to be homogeneous and equal to the mean between the temperatures of
the drop and liquid N2

(
Tv = Td+Ts

2

)
with Ts = −196.15◦C, and Td = 20◦C, the initial

drop temperature.

The time for the liquid nitrogen under the drop to evaporate is

tevap ≈
mN2

dmN2

dt

=
mN2L

hS∆T
(2.21)

with mN2 = 1
4
πed2

maxρN2 . ρN2 is the liquid N2 density. The thickness of the liquid
nitrogen film, e, is approximately 50 nm as measured by ellipsometry [Arora 2018]. The
diameters used for the estimation of the surface of contact, S, are dmax = 20, 25, and 30

mm. Using ρN2 = 809 kg/m3 [Çengel 2001], the mass of liquid nitrogen to evaporate are
1.3 10−8, 2 10−8, and 2.8 10−8 kg.

The convection heat transfer coefficient, h, is not an intrinsic property of the fluid but
is a parameter determined experimentally and which depends on variables influencing
convection (surface geometry, the nature of fluid motion, the properties of the fluid, and
the bulk fluid velocity). Nonetheless, it can be derived from the natural convection Nusselt
number, Nu, for the upper surface of a cold plate [Cengel 2002].

h =
kNu
l

(2.22)

with k = 18.3 10−3 W/mK, the thermal conductivity of the bulk fluid measured at
−73.15◦C ≈ Tv = −87.85◦C [Bergman 2011] and l, the characteristic length of the contact
area (Surface/Perimeter). The Nusselt number reads [Cengel 2002]

Nu = 0.27Ra1/4
L (2.23)

with RaL, the Rayleigh number [Cengel 2002]

RaL =
gβ∆Tl3

ν2
Pr (2.24)

with g = 9.81 m/s, the acceleration due to gravity, β = 1
Tv
, the thermal expansion

coefficient, ν = 7.65 10−6 m2/s, the kinematic viscosity of nitrogen vapor at −73.15◦C
[Bergman 2011] and Pr = 0.736, the Prandtl number at −73.15◦C [Bergman 2011]. The
Prandtl number is the ratio between the momentum diffusivity over the thermal diffusivity.

We finally obtain h = 9.6, 9.1 and 8.7 W/m2K which gives respectively tevap =

7.7, 8.2, and 8.6 ms for the three different maximum diameters. The drop will therefore
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be supported by evaporating liquid nitrogen during the whole expansion process as
tevap ≥ tmax since tmax ranges between 1.5 and 8 ms in our experiments.

• Temperature of the drop at tmax

Now that we made sure the drop is supported by the evaporating N2 layer during
the expansion, we solve the equation for the heat exchange between the drop and the N2

vapor. As a first-order approximation, we consider Newtons law of cooling, for which we
assume no thermal gradient in the sample. [Hendricks 1971, Kim 2011, Bergman 2011]

In this case, the main mode of heat transport is conduction as its contribution is
one order of magnitude higher than the contribution from convection and two orders of
magnitude higher than the contribution from radiation. Thus, the heat exchange between
the drop and the N2 vapor is given by

−mdropCp
dT

dt
= k

S

e
(T − Ts) (2.25)

with Cp = 4.18 kJ/kgK, the specific heat of water, mdrop, the mass of the drop with
ρdrop ≈ ρwater, k = 18.3 10−3 W/mK, the thermal conductivity of the N2 vapor measured
at −73.15◦C ≈ Tv = −87.85◦C [Bergman 2011], S, the surface of contact, e, the thickness
of the vapor layer, T , the temperature of the sample and Ts, the temperature of the liquid
N2. After integration from Td to Tmax, equation 2.25 reads

Tmax = (Td − Ts)exp
(
−ktmaxS

mdropCpe

)
+ Ts (2.26)

with Tmax, the temperature of the drop at maximal expansion (at t = tmax).
Using a surface S calculated from the mean diameter from d0 to dmax, dmean, we estimate
the temperature at maximal extension for three viscoelastic samples impacted at v0 = 4.2

m/s: M14φ8r9 (tmax = 1.5 ms and dmean = 6.57 mm), M14φ8r8 (tmax = 3 ms and
dmean = 10.98 mm) and WMφ9α4 (tmax = 6.4 ms and dmean = 14.85 mm). The estimated
temperature of the sheet at maximal expansion for samples M14φ8r9, M14φ8r8 and
WMφ9α4 are respectively 19.96◦C, 19.80◦C and 19.21◦C.
This simple heat transfer model shows that even though the temperature gradient between
the drop and the liquid nitrogen is important, the N2 vapor layer between the two
successfully insulates the drop from thermal variation during the expansion process.

2.1.4 Image analysis for drop impact

This section details the different methods used for the analysis of drop impact.

2.1.4.1 Apparent diameter

The time evolution of the diameter for the experiments of drop impact using the
set-ups described in sections 2.1.3.1 and 2.1.3.2 is computed with the ImageJ software.
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The recording from the top of the sheet expansion and retraction gives a frame every
0.149 ms. The frames are saved as a stack in TIFF (tagged image file format) format.
The background is first removed by dividing each frame by the first image taken before
the drop enters the field of vision of the camera. The sheet can then easily be delimited
by adjusting the binary threshold (see Figure 2.16 b)) allowing the measure of the sheet
area A with the "analyze particle" command. From the sheet area, A, we deduce an
apparent diameter, d =

√
4A
π
. Using this approach, the fingers are taken into account.

Nevertheless, the latter are negligible in the calculation of the surface area and thus do
not induce important error for the diameter. In the following, for each impact velocity
and sample, the reported time evolution of the sheet diameter corresponds to an average
over three different experiments. The origin of time is chosen at the time just before the
drop hits the target or comes into contact with the nitrogen layer and starts to deform in
such a way that the diameter at t = 0 is d0, the initial drop diameter.

0 2 4 6 8 10 12 14 16 18
0

5

10

15

20

25

30

35

40

 

 

d
 (

m
m

)

t (ms)

b) c)a)

Figure 2.16: a) Sheet at maximal expansion for a Newtonian sample (87% glycerol in
water)[η =145 mPa s] impacted at v0 = 4.22 m/s. Scale bar is 5 mm. b) Selection (in
yellow) of the sheet area after dividing the image of the sheet by the first image taken
before the drop enters the field of vision of the camera. c) Time evolution of the sheet
diameter obtained from measurements of the area for the same sample. The error bars
come from the average of three distinct experiments.

2.1.4.2 Crown correction

For Newtonian fluids with shear viscosities lower than ∼ 100 mPa s impacted on liquid
nitrogen, the expanding sheet exhibits a corona shape as shown on Figure 2.17.b, even
without an excess of liquid nitrogen. This crown formation results in an underestimation
of the actual diameter when using the method described in section 2.1.4.1 to analyze the
top view images [Louhichi 2020]. The underestimated dmax is corrected for all Newtonian
samples with shear viscosities below 100 mPa s by using `max, the correct diameter of
the sheet measured from the side images, instead of dmax. `max is obtained by adding the
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lengths of the raised part to the length of the flat part of the sheet as shown in Figure
2.17.b. We measure that the deviation from dmax, (`max− dmax)/dmax, follows more or less
a logarithmic dependence from 0 % to 14% with the viscosity, η, for η from 1.7 to 209
mPa s. The impacts that were not recorded from the side are corrected by multiplying
dmax by a correcting factor found using the simple linear relation shown in Figure 2.17.c.
We check, on the other hand, that for all investigated viscoelastic samples, the sheets
remain flat and no correction is necessary.
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Figure 2.17: a) top and b) side views of a sheet at maximum expansion of a low viscous
Newtonian sample (η = 1.5 mPa s). The figure shows that the effective maximal diameter,
dmax, from the the top view underestimates the maximum expansion of the sheet `max due
to a corona effect that is observed only for low viscosity samples. c) Relative side view
correction effect (in %) as a function of the zero-shear viscosity for glycerol/water mixtures.
The continuous line is an empirical fit of the data points given by y = 0.2− 0.1 log(x).

2.1.4.3 Thickness field

The variation of the thickness field of the expanding liquid sheets in cold Leidenfrost
conditions, h(r, t), with t, the time, and r, the radial position, is determined using
the absorption of light by a dyed solution. The same method was used previously
[Lastakowski 2014, Vernay 2015a, Wang 2017]. We dissolve 1.19 g/L of water-soluble
Nigrosin purchased from Sigma Aldrich in glycerol-water solutions. The viscosities of
these solutions are measured after addition of the dye at 20◦C and range from 1 (for pure
water) to 813 mPa s.

Calibration curve A calibration curve is built by correlating a gray level measured
with the software ImageJ to a known thickness. To do so, a controlled volume of liquid,
Vliq, is placed between two microscope coverslips of area, A = 22 × 22 mm2, with a
micropipette giving liquid films of controlled thickness, h =

Vliq
A
. The thickness is varied

from 5 to 500 µm. The samples are placed on the quartz plate of the experimental set-up
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described in section 2.1.3.2. Images are captured with slight variations of the incident
light intensity and for several concentrations of glycerol in water (from 0 to 97.5 wt% of
glycerol) to ensure that a slight change in the illumination condition and the addition of
glycerol does not impact the numerical values for the intensity. The calibration curve in
Figure 2.18 is obtained by at least three repetitive measurements of the intensity over
the whole surface for each film thickness and viscosity. In the case of more viscous fluids,
time is given to allow the homogenization of the film thickness. The thickness is plotted
against the logarithm of the gray level of the corresponding liquid film, I, divided by the
gray level of two coverslips on top of each other, I0. h = 0 thus corresponds to the two
coverslips without sample.
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Figure 2.18: Calibration curve showing the thickness against I/I0 in (log,lin) scale for
glycerol/water mixtures of different concentrations with 1.19 g/L of Nigrosin. The line is
the fit with the Beer-Lambert law and gives the prefactor 1

Cε
= 284m.

The calibration curve follows the exponential decrease of the intensity with the thickness
predicted by the Beer-Lambert law:

h = − 1

εC
log

(
I

I0

)
(2.27)

with ε, the molar extinction coefficient and C, the concentration of dye. This calibra-
tion curve is used to correlate the intensity of the expanding sheet to its corresponding
thickness and is valid up to, at least, h = 500µm.

Thickness field To measure the thickness field of the sheet, first, the intensity is
normalized by the intensity of an image taken just before the drop enters the field of vision
of the camera by dividing each frame by the first using ImageJ. The resulting images are
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saved as TIFF files and analyzed with Matlab. Our Matlab code measures for each frame,
i.e. time, the normalized intensity for each pixel of polar coordinates (r, θ) and takes the
average value over all azimuthal angles, θ. The origin of r is taken for each experiment at
the center of a circle containing the sheet. Hence, the normalized intensity field depends
on the radial distance, r, and time, t. This averaged normalized intensity field, I

I0
(r, t) is

converted into thickness field, h(r, t), using the Beer-Lambert law. The origin of time is
taken at the time at which the drop comes into contact with the liquid nitrogen layer,
and the origin of the radial distance is taken at the center of the sheet. The maximum
noise measured outside of the sheet is of 10 µm. We thus have a range of validity between
10 µm and 500 µm.
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Figure 2.19: a) Image of 93 wt% glycerol water mixture (η = 365 mPa s) at dmax divided
by the initial intensity. b) Thickness profile of 93 wt% glycerol water mixture along r for
different times after impact. The impact velocity is v0 = 4.2 m/s.
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Limitations of the method The thickness measurement method has some limitations
at short times (t < 1.79 ms). Indeed, we see that the thickness first increases before
decreasing (see Figure 2.20.a)), which is not physically possible, and that, when computing
the volume of the sheet from the thickness profiles, the volume is not well-defined at short
times even for a sample of high viscosity, for which there is no secondary droplet ejection
(see Figure 2.20.b)). Two causes were identified. Extending the calibration to higher
thicknesses in Figure 2.21, a deviation from the Beer Lambert law is observed. We could
have used another expression for the calibration at thicknesses above 500 µm. However,
this deviation is not the only problem. Indeed, in Figure 2.22, we observed a saturation
of the gray level at the center of the sheet, which shows that the error at short times does
not come only from the conversion from intensity to thickness but comes partly from the
saturation of the intensity for larger thickness. The reason for this saturation remains
unexplained. For this reason, we will focus, in our study related to the sheet profiles, on
the times after 1.79 ms.
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Figure 2.20: a) Thickness profiles in function of the radial position at different times,
including the short times (t < 1.79 ms) and b) volume of the sheet normalized by the
initial volume of the drop as a function of time for a glycerol/water sample of viscosity
813 mPa s.
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Figure 2.21: Calibration curve extended to thickness above 500 µm for water.
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Figure 2.22: a) Snapshot of the glycerol/water with η = 813 mPa s sheet at t = 0.3 ms.
The scale bar is 5 mm. b) Gray value of the straight horizontal line across the sheet (in
yellow) at different times.

Rim detection method The instantaneous thickness profile displays a non-monotonic
evolution, with the radial distance, r. The continuous decrease of h as r increases is
followed by a sharp increase related to the thicker rim, before going to values fluctuating
from maximum ±10µm around 0 corresponding to the edge of the liquid sheet. In Chapter
6, we study the evolution of the rim with time for Newtonian fluids of different viscosities.
This analysis is done with Matlab. The code analyses h(r, t) for each time and selects the
outer and inner sides as well as the peak of the rim to return the volume of the rim and
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the position of the peak at each time. The outer side, Rout, (in magenta in Figure 2.23) is
found by removing the noise and taking the first non-zero value. For the peak of the rim,
Rpeak (in light orange in Figure 2.23) or the inner side, Rin, (in green in Figure 2.23) the
code uses the derivative of h with respect to r divided by h, h′/h (dark orange curve in
Figure 2.23) and finds respectively the value closest to zero, for the peak value, or 0.15
mm−1, for the inner side of the rim, when starting from Rout. The criterion to find Rin is
arbitrary and was varied from 0.10 to 0.20 mm−1 to ensure the robustness of our findings.
The results were not sensitive to the criterion as it is shown in Chapter 6. The volume of
the rim, Vrim is computed using Vrim(t) =

∫ Rout(t)

Rin(t)
2πrh(r, t)dr.

h
(µ

m
)

h
’/
h

(m
m

-1
)

r (mm)

Rout

Rin
Rpeak

2

300

250

200

150

100

50

0
0            2             4             6            8            10          12

Figure 2.23: h (blue line) and h′/h (orange dashed line) in function of r for 91 wt%
glycerol water mixture (η = 270 mPa s) impacted at v0 = 4.2 m/s. The left side of the
rim, Rin (green), and the right side of the rim, Rout (magenta), are shown with arrows on
the corresponding image of the sheet. The scale bar is 5 mm.
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2.2 Materials

2.2.1 Newtonian fluids

For the purposes of comparison, we use two types of Newtonian fluids for the drop
impact experiments: Silicone oils and glycerol/water mixtures.

Silicone oils ([ Si(CH3)2O ]n) of viscosity 5, 96, 339, 485 and 970 mPa s, purchased
from Sigma Aldrich, were blended to obtain zero-shear viscosities ranging from 5 to 970
mPa s at 20◦C. The surface tension of silicone oils of various viscosity was measured in
the literature and was found not to vary significantly around 20 mN/m [Crisp 1987]. The
density of these blends was calculated from the densities of the purchased oils and varies
from 0.913 to 0.97 g/ml.

Glycerol (C3H8O3) purchased from Sigma Aldrich and Milli-Q water mixtures were
prepared with concentrations in weight percent of glycerol varying between 0 and 97.5. To
allow the measurement of the sheet thickness field, 1.19 g/L of Nigrosin (C22H16N6Na2O9S2)
purchased from Sigma Aldrich, also known as Acid black 2, was added to the mixtures.
The shear viscosities measured at 20◦C by rheometry for these samples were found to lie
between 1 mPa s (for pure water) and 813 mPa s. The densities were calculated from the
densities of pure glycerol and water and range from 1.05 g/ml to 1.25 g/ml. The surface
tension varies between 72 mN/m (for pure water) and 64 mN/m (for 97.5 % of glycerol)
[Takamura 2012].

For Newtonian samples, the shear viscosity, η, is measured by applying a ramp of
steady shear rate varying from γ̇ = 0.01 s−1 to 1000 s−1. As by definition for Newtonian
fluids, η(γ̇) is constant as seen in Figure 2.24.a. η ranges between 5 and 970 mPa s for the
silicone oils and between 1 and 813 mPa s for the glycerol and water mixtures at 20◦C as
seen in Figure 2.24.b.
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Figure 2.24: a) η(γ̇) for 52% of glycerol in water. b) Values of η for the different mixtures
of glycerol and water.
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2.2.2 Self-assembled transient networks

To understand how viscoelasticity affects the expansion dynamic of impacted drops,
several viscoelastic networks were produced and investigated.

2.2.2.1 Bridged micro-emulsions

The first class of viscoelastic systems are oil droplets stabilized in brine ([NaCl]=0.2 M),
also called micro-emulsions, reversibly linked by telechelic polymers. Telechelic polymers
are triblock copolymers home-synthetized by Dr. Ty Phou (L2C) and consist of water-
soluble poly-(ethylene oxide), PEO, backbones of 35,000 gmol−1 onto which aliphatic
chains, CnH2n+1, were grafted at both ends. The end chains, also called stickers, are
hydrophobic and will thus enter the core of the oil droplet to minimize their interactions
with the aqueous solvent. By doing so, the triblock copolymer will either form a loop and
decorate a droplet or, if the concentration is sufficiently high, the two stickers on the chain
can enter different droplets and create a reversible bridge between the latters (Figure
2.25.a). The multiplication of these links forms a three-dimensional network (Figure
2.25.b) able to carry elastic forces transiently at the macroscopic scale.

Loop

Bridge

a) b)

Figure 2.25: Schematic illustration of a) a bridge and loop and b) the bridged micro-
emulsions network.

The macroscopic properties of this system can be tailored to meet one’s needs by
changing the mass fraction of oil droplets, the number of stickers per droplet and the length
of the stickers or the PEO backbone. Here, to achieve the desired material properties, we
keep the size of the oil droplets and the length of the polymer backbone constant as we
vary the mass fraction of oil droplets, φ, the number of stickers per droplet, r, and their
length. The micro-emulsion droplets are monodisperse when diluted over the range of 1-20
wt % [Filali 1999]. Their size is controlled by the addition of surfactant, cetylpyridinium
chloride (CpCl) and cosurfactant, n-octanol, to the brine. The CpCl and n-octanol form a
surfactant film around the oil, decane. This film exhibits a spontaneous curvature radius
dictated by two parameters Ω and Γ :

Ω =
mcosurfactant

msurfactant
and Γ =

moil

msurfactant +mcosurfactant
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withmsurfactant,mcosurfactant andmoil the mass of CpCl, n-octanol and decane [Filali 1999].
For Ω = 0.25 and Γ = 0.56, the radius of the drop, which corresponds to the spontaneous
curvature radius of the surfactant film, was measured by small angle neutron scattering
and found to be 62 ± 1 Å [Filali 2001]. This radius remains constant upon addition of
the triblock copolymers up to r ≈ 80 [Filali 1999]. r is the number of stickers per droplet
defined as

r =
number of aliphatic chains
number of oil droplets

The aliphatic chains have lengths C12, C14 or C18. The number and size of the
stickers, along with the mass fraction of oil droplets, φ, control the phase diagram of the
micro-emulsions (see figure 2.26). φ is defined by

φ =
mhydrophobic +moil

mtotal

with mhydrophobic, moil and mtotal the mass of all hydrophobic parts of the surfactant,
cosurfactant and telechelic polymer, the mass of oil and the total mass respectively.

The samples were prepared by adding the surfactant, CpCl, to a solution of 0.2 M of
NaCl in Milli-Q water. CpCl was previously purified in house by consecutive recrystalliza-
tions in water and in acetone. After dissolution of the CpCl, the cosurfactant, n-octanol,
was added to form micelles before the addition of decane to swell the latters. After gentle
stirring, the mixture is filtered with a syringe filter unit with 0.22 µm pore size. Telechelic
polymers are then added to form the gel by bridging the oil droplets. This final mixture
is swirled until a homogeneous, transparent gel is obtained. This last step can take up to
a few days. The resulting samples are kept away from light at a controlled temperature of
30◦C. Figure 2.26 shows phase diagrams for micro-emulsions linked by a) PEO-C12, b)
PEO-C18 and c) PEO-C14. For low values of φ and r, the samples are liquid (sol state) and
flow easily. As we increase the values of φ and r, the telechelic polymers start connecting
oil droplets together until eventually forming a transient network corresponding to the
gel phase of the diagram. On the diagrams, these two phases are separated by a dashed
line representing the percolation line [Filali 2001]. For the micro-emulsions linked by
PEO-C12, the change in rheological properties between the sol and gel phases is very
smooth and a percolation line is difficult to define [Filali 2001]. In the two-phases region,
phase-separation is observed and a very dilute sol phase coexists with a concentrated gel
phase [Filali 2001].

The samples used here have a number of stickers per droplet, r, between 4 and 9 and
hydrophobic mass fractions, φ, of 8 or 10%. The micro-emulsions are named MnφXrY
with n, the number of carbon per sticker for the telechelic polymers, X the value in weight
% for φ, the hydrophobic mass fraction and Y, the value of r, the average number of
stickers per oil droplet.
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Figure 2.26: Phase diagrams of micro-emulsions connected by a) PEO-C12, b) PEO-C18

and c) PEO-C14. The dashed lines in b),c) delimit the sol and transient gel phases. c)
was measured for purposes of this thesis, and a-b) were adapted from [Filali 2001].

Surface tension An equilibrium value of 28 mN/m for the surface tension is measured
by the pendant drop method for non bridged micro-emulsions. As explained in section
2.1.1.2, in the case of drop impact experiments, the relevant surface tension quantity
should be taken from the dynamic measurement of surface tension. The dynamic surface
tension of micro-emulsions is measured for three different samples (M14φ8r8, M14φ10r6
and M14φ8r6) and the average of these three measurements is shown in Figure 2.27 and
fitted by Equation 2.4. The fitting parameters are t∗ = 0.27 s and n = 0.99. In the
following, the surface tension considered for the micro-emulsions is the dynamic surface
tension at the time needed for the sheet to reach its maximal expansion, tmax (between 1.2
and 6.5 ms), which happens to be equal to the surface tension of the solvent, 72 mN/m.

Linear rheology The linear response of micro-emulsions to oscillatory shear is mea-
sured with a strain amplitude of γ = 1% at 20◦C. The resulting curves for the loss,
G′′, and storage, G′, moduli in function of the angular frequency of three representative
micro-emulsions (M18φ10r4, M14φ8r9 and M12φ10r8) are shown on Figure 2.28. The
relaxation times, τ , of micro-emulsions with PEO-C14 and PEO-C12 are very short and
cannot be obtained by the crossover of G′′ and G′. To obtain values for τ and for the
elastic modulus, G0, the loss, G′′, and storage, G′, moduli in function of the angular
frequency are fitted (dashed lines in Figure 2.28) by the Maxwell model (equations 2.14
and 2.13). The elastic modulus, G0, the relaxation time, τ , and the zero-shear viscosity,
η0 = G0τ , for all investigated micro-emulsions are reported in table 2.1.
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Figure 2.27: Dynamic surface tension measurements for micro-emulsions (M14φ8r8,
M14φ10r6 and M14φ8r6). Error bars come from the average of three experiments. The
line is the fit obtained with equation 2.4 and the fitting parameters are t∗ = 0.27 s and n
= 0.99.
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Figure 2.28: Storage, G′(ω) (squares), and loss, G′′(ω) (circles), moduli as a function of
the oscillation frequency, ω for three micro-emulsion samples (M18φ10r4, M14φ8r9 and
M12φ10r8). Symbols are experimental data and the dashed lines are Maxwell model fits.
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Table 2.1: Rheological properties of micro-emulsions. G0 is the elastic modulus, τ , the
relaxation time and η0, the zero-shear viscosity

Micro-emulsions
Name G0 [Pa] τ [ms] η0 [Pas]
M18φ10r4 10 178 1.78
M14φ8r9 189 8 1.5
M14φ8r8 128 6 0.77
M14φ10r6 48 5 0.23
M14φ8r6 31 4 0.12
M12φ10r8 194 2 0.39

2.2.2.2 Decorated wormlike micelles

The second class of viscoelastic systems consist of entangled wormlike micelles [Rehage 1988,
Rehage 1991] formed by sodium salicylate (NaSal) and cetylpyridinium chloride (CpCl),
that self-assemble in brine ([NaCl]=0.5 M). When these molecules, consisting of a hy-
drophilic head and a hydrophobic tail, are added to the brine, they self-assemble to
minimize the interaction of the hydrophobic parts with water. For a sufficiently large
surfactant molecule concentration, above the critical micellar concentration, the molecules
form micelles. Micelles are aggregates where the hydrophilic heads form an outer shell
inside which the hydrophobic tails can segregate, expelling most of the water. The shape
and size of these entities can vary with the nature and size of the surfactant molecules, the
temperature, the type and concentration of salt in the aqueous media and the addition of
a cosurfactant. It was shown that controlling the surfactant to cosurfactant molar ratio
allows one to produce elongated micelles (see figure 2.29). Consequently, the spherical
micelles change into rod shaped micelles that in turn evolve into wormlike tubes. These
wormlike micelles are able to create entanglements, but also to break and recombine
in response to external stimuli [Rehage 1988, Rehage 1991]. Such entangled wormlike
micelles are able to transmit elastic force in a transient way. Here, the molar ratio
[NaSal]/[CpCl] is fixed at 0.5.

The micelles are decorated by triblock copolymers purchased from Serva (Synperonic
F-108). These copolymers are known as poloxamers. They have an average molar mass of
14 kg/mol and are constituted of a short poly-(propylene oxide), PPO, central backbone
of 48 monomers and two poly-(ethylene oxide), PEO, end chains of 127 monomers
[Massiera 2002b]. The hydrophobic PPO anchors onto the surfactant micelles, leaving the
hydrophilic ends swollen in the solvent. The decorated wormlike micelles are characterized
by φ, the weight fraction of surfactant and α, the ratio between the number of POE chains
and the number of surfactant molecules.

φ =
msurfactant +mcosurfactant

mtotal
and α =

number of PEO chains
number of surfactant molecules

It can be observed from measurements of the elastic modulus, G0, and the relaxation
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NaSal

[CpCl]
↗

Figure 2.29: Evolution, with the molar ratio of NaSal to CpCl, of micelles in solution,
from spheres to wormlike micelles.

time, τ , as a function of φ performed for wormlike micelle samples with different con-
centrations of F-108 triblock copolymer [Massiera 2002a] that changing α and φ allows
one to easily tune the values of G0 and τ . We chose values of α and φ in order to obtain
similar elastic moduli with various relaxation times.

Figure 2.30: a) Elastic modulus, G0, and b) relaxation time, τ , as a function of φ
for wormlike micelle samples with different concentrations of F-108 triblock copolymer.
[Massiera 2002a]

The samples were prepared by weight. The poloxamers were first added to a solution
of 0.5 M of NaCl in Milli-Q water. The previously purified CpCl is then incorporated to
the solution and after its dissolution, the cosurfactant, NaSal, was finally added. This
final mixture is swirled several times before being kept away from light at a controlled
temperature of 30◦C. We used samples with φ in the range from 5 to 9% and α from 0.48
to 4%. The name of wormlike micelles follows the following nomenclature WMφXαY with
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X the value in weight % for φ and Y the value in % for α, the mole fraction of amphiphilic
polymer.

Surface tension An equilibrium value of 34 mN/m for the surface tension is measured
by the pendant drop method. As the relevant surface tension quantity for the drop
impact experiments is the dynamic surface tension, we measure the latter for three
different samples (WMφ9α4, WMφ7α1.8 and WMφ5r0.48) and the average of these three
measurements is shown in Figure 2.31 and fitted by Equation 2.4. The fitting parameters
are t∗ = 0.36 s and n = 1.34. In the following, the surface tension considered for the
wormlike micelles is the dynamic surface tension at the time needed for the sheet to reach
its maximal expansion, tmax (between 1.2 and 6.5 ms), which happens to be equal to the
surface tension of the solvent, 72 mN/m.
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Figure 2.31: Dynamic surface tension measurements for wormlike micelles (WMφ9α4,
WMφ7α1.8 and WMφ5α0.48). Error bars come from the average of three experiments.
The line is the fit obtained with equation 2.4 and the fitting parameters are t∗ = 0.36 s
and n = 1.34.

Linear rheology The linear response of wormlike micelles to oscillatory shear is mea-
sured with a strain amplitude γ = 1% at 20◦C. The resulting curves for the loss, G′′, and
storage, G′, moduli in function of the angular frequency of samples WMφ9α4, WMφ7α1.8
and WMφ5r0.48 are shown on Figure 2.32.a. The stress relaxation behavior of such
polymer was first explained by Cates in 1987 [Cates 1987] by adding to the reptation
model from de Gennes [De Gennes 1971] reversible breaking and reformation of the chains
as an additional relaxation mode. When the breaking and reformation process is faster
than the reptation time, the stress relaxes following a monoexponential decay and the
solutions rheological behavior is accurately described by the one mode Maxwell model
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[Fischer 1997]. Fitting the experimentally measured loss and storage moduli for the worm-
like micelles by equations 2.14 and 2.13 (dashed lines in Figure 2.32.a) gives the elastic
modulus, G0, the relaxation time, τ , and the zero-shear viscosity, η0 = G0τ , reported in
table 2.2.
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Figure 2.32: a) Storage, G′(ω) (squares), and loss, G′′(ω) (circles), moduli as a function
of the oscillation frequency, ω. The dashed lines are one mode Maxwell fits.

Table 2.2: List of wormlike micelles samples and their rheological properties. G0 is the
elastic modulus, τ , the relaxation time and η0, the zero-shear viscosity

Wormlike micelles
Name G0 [Pa] τ [ms] η0 [Pas]
WMφ5α0.48 50 8 0.4
WMφ7α1.8 73 2 0.146
WMφ9α4 64 1 0.031

2.2.3 PEO solutions

Solutions of high molecular weight poly-(ethylene oxide) (8000 kg/mol) are also inves-
tigated. The PEO is purchased from Sigma Aldrich and diluted as received in Milli-Q
water with concentrations, C, varying between 10−3 wt% and 2 wt%. The solution is
then stirred at ambient temperature for at least 24 h in the dark. To enhance contrast for
analysis, 0.25 g/L of Nigrosin is added to the solutions after homogenization. The surface
tension of high molecular weight PEO solutions is independent of polymer concentration
and is γPEO = 62 mNm−1 [Louhichi 2020]. The density of the PEO solutions is assumed
to be equal to the density of the solvent, ρ = 1 g/mL.
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Dynamic frequency sweeps are performed with an applied sinusoidal strain of amplitude
of γ = 10% with ω varying from 100 to 0.01 rad/s. Figure 2.33.a shows the loss, G′′, and
storage, G′, moduli as a function of the oscillatory frequency, ω, for some representative
concentrations of PEO in water. The relaxation time, τ , is obtained, for most samples,
by the crossover of G′ and G′′. The relaxation time of samples for which the crossover
cannot be measured experimentally are obtained by extrapolation of the relation between
τ and the polymer concentration as shown in Figure 2.33.c. The zero-shear viscosity η0 is
plotted in Figure 2.33.d and one can observe the existence of two regimes. For C < 0.27 %,
the viscosity increases slowly with the polymer concentration, which corresponds to the
unentangled solution regime. At concentrations, C > 0.27 %, the viscosity increases
strongly (η0 ∝ C4.7) with the polymer concentration, which is the signature of entan-
glements, as predicted by scaling arguments based on the tube model [Rubinstein 2003].
The zero-shear viscosity varies by more than 5 orders of magnitude from 1 mPa s to
105 mPa s. The elastic modulus, G0 = η0/τ , the relaxation time, τ , and the zero-shear
viscosity, η0, for all investigated PEO solutions are reported in table 2.3. Solutions in
the unentangled regime (C < 0.27 %) are liquid and cannot be modeled by a Maxwell fluid.

Table 2.3: List of all PEO solutions and their rheological properties. G0 is the elastic
modulus, τ , the relaxation time and η0, the zero-shear viscosity

PEO solutions
C [%] G0 [Pa] τ [s] η0 [mPa s]
2 18 9.14 1.6 105

1.5 31 2.1 6.3 104

1 13.6 0.48 6.5 103

0.8 17 0.18 3.1 103

0.6 12.6 0.05 6.3 102

0.5 13.6 0.02 2.7 102

0.2 - - 8
0.13 - - 4
0.08 - - 2.5
0.06 - - 2.4
0.0312 - - 1.8
0.016 - - 1.6
0.004 - - 1.2
0.001 - - 1.1

Figure 2.33.b depicts the complex viscosity calculated from the linear viscoelastic

spectra as, |η∗(ω)| =
√
G′(ω)2+G′′(ω)2

ω
in function of frequency, along with the steady shear

viscosity, η(γ̇) as a function of shear rate. The nice collapse of the dynamic and steady
data validates the Cox-Merz rule [Cox 1958]. We find that all samples are strongly
shear-thinning and can be fitted satisfyingly by the Cross model (Eq.2.15) [Cross 1965].
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The fitting exponent, n, increasing from 0.59 to 0.85 when the concentration increases.
Moreover, for all concentrations the fitting parameter k increases monotonically with the
polymer concentration, as does the characteristic relaxation time τ0, marking the onset of
shear-thinning.
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Figure 2.33: a) Storage, G′(ω) (squares), and loss, G′′(ω) (circles), moduli as a function of
the oscillation frequency, ω. b) Complex viscosity as a function of the oscillation frequency,
η∗(ω) (closed symbols) and steady shear viscosity as a function of the shear rate, ηS(γ̇),
(open symbols), and fits (lines) using the Cross equation (Eq 2.15). c) Evolution with C
of the terminal relaxation time, τ0, and d) of the zero-shear viscosity, η0.

2.2.4 2, 4-bis (2-ethylhexylureido) toluene (EHUT)

Wormlike micellar solutions made of 2, 4-bis (2-ethylhexylureido) toluene, which ab-
breviates as EHUT, were synthesized according to [Lortie 2002]. The EHUT monomer
(C25H44N4O2) forms hydrogen bonds in an apolar solvant resulting in self-associated small
and long rod-like structures with a temperature- and solvent-dependent diameter. Figure
2.34, shows a phase diagram for EHUT molecules in solution with toluene (C7H8). The
structure of the EHUT monomer is shown, along with a schematic illustration of the
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various aggregates formed (out of scale), i.e., filaments and tubes. Hydrogen bonds are
represented by dotted lines connecting the urea functions (black circles). At concentrations
above the critical micellar concentration and high temperatures, the monomers form thin
filaments with diameters comparable to the size of one EHUT monomer (1.3 nm). At
lower temperatures, EHUT molecules form thick tubes with cross-section of approximately
three EHUT monomers in size. In Chapter 5, the EHUT molecules are dispersed in
dodecane (C12H26). For the concentrations investigated (C=0.37 g/L to C=3 g/L), they
form tubes at temperatures lying between 20◦C and 25◦C. This was confirmed by Fourier
transform infrared spectroscopy (FTIR), small angle neutron scattering (SANS) and
rheology measurements. These tubes are long enough to entangle and create viscoelastic
networks.

Figure 2.34: Phase diagram for EHUT solutions in toluene [Bouteiller 2005] showing the
transition between monomers and supramolecular filaments. The chemical structure of the
EHUT monomer is shown, along with a schematic illustration of the various aggregates
formed (out of scale), i.e., filaments and tubes. Hydrogen bonds are represented by dotted
lines connecting the urea functions (black circles).

EHUT powder was added to dodecane accordingly to the targeted concentration and
left under stirring at 80 ◦C for 48 hours. The resulting solution is completely transparent
and thermodynamically stable at room temperature (25◦C). Rheological measurements of
EHUT solutions are performed immediately after the end of the preparation protocol and
in the same conditions as for the impact experiments.

The surface tension of the EHUT solutions is assumed to be independent of concentra-
tion. The value γ = 25± 2 mNm−1 is measured for a dilute sample (C = 0.37 g/L) with
the pendant drop method. The density of the EHUT solutions is assumed to be equal to
the density of the solvent, ρ = 0.75 g/mL.



2.2. Materials 69

Dynamic frequency sweeps are performed with an applied sinusoidal strain of amplitude
of γ = 10% with ω varying from 100 to 0.01 rad/s. The resulting storage, G′(ω), and loss,
G′′(ω), moduli measurements are shown for some representative solutions in Figure 2.35.a
and fitted with the one mode Maxwell model (Equations 2.13 and 2.14) which works well
to describe the viscoelastic behavior at lower frequencies. Figure 2.35.b shows the complex
viscosity, |η∗(ω)| as a function of frequency, along with the steady shear viscosity, η(γ̇) as
a function of shear rate for some representative solutions of EHUT. The nice collapse of
the dynamic and steady data validates the Cox-Merz rule [Cox 1958]. These solutions
are strongly shear-thinning as η(γ̇) decrease strongly with increasing shear rate, γ̇. The
Cross model (Equation 2.15) provides a good description of the shear-thinning behavior
of EHUT solutions with shear-thinning exponent n = 0.97± 0.05. All measurements are
performed under the same temperature and humidity conditions as for the drop impact
experiments.

Table 2.4: List of all EHUT solutions and their rheological properties. G0 is the elastic
modulus, τ , the relaxation time and η0, the zero-shear viscosity

EHUT solutions
C [g/L] G0 [Pa] τ [s] η0 [Pas]
3 8.5 8.6 73
2.85 6.5 12.7 75.5
2.6 5.8 9.4 55.8
2.33 4.5 7.3 31.4
2 3.1 6.7 19.2
1.5 1.8 6.3 12.2
1 0.7 5 2.6
0.37 0.15 2.5 0.5
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Figure 2.35: a) Storage, G′(ω) (squares), and loss, G′′(ω) (circles), moduli as a function
of the oscillation frequency, ω. b) Complex viscosity as a function of the oscillation
frequency, η∗(ω) (closed symbols) and steady shear viscosity as a function of the shear
rate, ηS(γ̇),(open symbols), and fits (lines) using the Cross equation (Eq 2.15).
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2.2.5 Ultra soft elastic beads

Polyacrylamide beads are prepared in our lab by Dr. Ty Phou through a redox
activated free radical copolymerization of acrylamide and N,N’-methylenebis-acrylamide
in water in the presence of Tetramethylenediamine (TEMED) and sodium persulfate
as initiators. TEMED is used to accelerate the formation of sodium persulfate radicals
by primary radical formation in redox initiation, which will serve as catalysts for the
reaction. The resulting sodium persulfate free radicals trigger the radicalization of acry-
lamide monomers. Acrylamide radicals react with the monomers in solution to begin
the polymerization chain reaction. Poly-acrylamide chains, while growing, are randomly
cross-linked by the N,N’-methylenebis-acrylamide to form a network. The resulting gel
properties depend on the polymerization conditions, such as temperature and surrounding
gas, as well as on the monomer concentrations [Chen 1979, Menter 2000]. The reaction is
represented on Figure 2.36. Because polymerization can be inhibited by the presence of
oxygen and impurities, the reaction takes place in an inert atmosphere. Before mixing,
reagent solutions are saturated with nitrogen gas, which is an inert gas.
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Figure 2.36: Copolymerization reaction of acrylamide and bis-acrylamide.

The elastic beads are synthesized in the background fluid used for the spinning drop
experiments. This background fluid should not be miscible with water and must have a
density higher than the element to be set in spinning motion. We used a fluorinated oil,
FomblinY LVAC 25/6, (CF3O[ CF(CF3)CF2O ]x( CF2O )yCF3) (x = 25 and y = 6)
of average molar weight 3,300 g/mol with a density of 1.9 g cm−3 at 25◦C as purchased
from Sigma-Aldrich. The mass density of the beads is considered equal to the density of
water at T = 25 ◦C, ρ = 0.997 g cm−3 because of the low mass fractions of acrylamide
employed to reach the targeted low elastic moduli.

The monomer and co-monomer solutions are mixed before adding the TEMED and
sodium persulfate. Appropriate volumes (∼ 1µL), yielding to drops of 1 mm, are quickly
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Fomblin®Y LVAC 25/6
CF3O[-CF(CF3)CF2O-]x(-CF2O-)yCF3

d0

Polyacrylamide bead

Figure 2.37: Representation of an elastic bead floating in fluorinated oil.

transferred to Eppendorf tubes filled with fluorinated oil where polymerization will take
place. Because the size of the droplets are small enough, the interfacial energy between the
aqueous drops and the oil is able to give the drops a spherical shape. This interfacial energy
was measured for the solution in absence of initiators using a spinning drop tensiometer
and found to be 33 ± 3 mN m−1. Concentrations of bis-acrylamide and acrylamide were
fixed respectively to 0.00119 ± 0.0006 and 0.45 ± 0.01 mol/L. For the concentrations
of initiator used, the time for polymerization to be complete is of approximately two hours.

The refractive index of the fluorinated oil (nb = 1.299) is close to that of water. For
this reason, a small amount of fluorescein was added to the monomer and co-monomer
solution to increase the contrast between the water-based beads and the background fluid
and facilitate the tracking of the bead deformation in the spinning drop tensiometer.
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Biaxial extensional viscous dissipation
in sheets expansion formed by impact

of drops of Newtonian and
non-Newtonian fluids

In this chapter, we report the publication Biaxial extensional viscous dissipation in sheets
expansion formed by impact of drops of Newtonian and non-Newtonian fluids A. Louhichi,
C.-A. Charles, T. Phou, D. Vlassopoulos, L. Ramos and C. Ligoure, Physical Review
Fluids, 5 (5), 053602, 2020, in which we investigate the expansion of free liquid sheets
produced by impact of Newtonian and shear-thinning polymer solutions on a thin layer
of liquid nitrogen. This work has been carried out mostly by Ameur Louhichi. My
contribution to this work concerns (i) the conduction of the experiments on impact of
the Newtonian fluids and PEO solutions with A. Louhichi, (ii) the analysis of the data
for Newtonian fluids, (iii) the improvements on the set-up (including the use of a quartz
plate, less liquid nitrogen, simultaneous top and side views), and (iv) the contribution to
the discussions on the results.
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We investigate freely expanding liquid sheets made of either simple Newtonian fluids
or solutions of high molecular water-soluble polymer chains. A sheet is produced by
the impact of a drop on a quartz plate covered with a thin layer of liquid nitrogen that
suppresses shear viscous dissipation due to an inverse Leidenfrost effect. The sheet expands
radially until reaching a maximum diameter and subsequently recedes. Experiments
indicate the presence of two expansion regimes: the capillary regime, where the maximum
expansion is controlled by surface tension forces and does not depend on the viscosity,
and the viscous regime, where the expansion is reduced with increasing viscosity. In
the viscous regime, the sheet expansion for polymeric samples is strongly enhanced as
compared to that of Newtonian samples with comparable zero-shear viscosity. We show
that data for Newtonian and non-Newtonian fluids collapse on a unique master curve
where the maximum expansion factor is plotted against the relevant effective biaxial
extensional Ohnesorge number that depends on fluid density, surface tension, and the
biaxial extensional viscosity. For Newtonian fluids, this biaxial extensional viscosity is
six times the shear viscosity. By contrast, for the non-Newtonian fluids, a characteristic
Weissenberg number-dependent biaxial extensional viscosity is identified, which is in
quantitative agreement with experimental and theoretical results reported in the literature
for biaxial extensional flows of polymeric liquids.

DOI: 10.1103/PhysRevFluids.5.053602

I. INTRODUCTION

Over the last 15 years, the understanding of drop impact on solid targets has progressed
considerably due to high-speed imaging methods [1], allowing one to observe in real time the fate of
a drop upon impact under various experimental conditions and to probe a rich variety of phenomena,
including dynamics of sheets in the expansion and receding regimes, spatiotemporal evolution of the
thickness of the sheets [2,3], fingering instabilities [4–6], and fractures and production of satellite
droplets [7–9]. Concerning the nature of the impacting drops, mainly Newtonian fluids of different
viscosities have been investigated, although a few relevant studies with shear-thickening fluids [10],
shear-thinning fluids [11–17], yield stress fluids [18], or Maxwell fluids without shear thinning
[19,20]. Most studies have been performed on drops impacting a flat surface that can be smooth
or rough [21], horizontal or tilted [22], hydrophobic or hydrophilic [23]. Often, surfaces have a
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very large size compared to that of the drop such that the entire spreading event occurs on the
target [8,14,15,24–27], but targets of size comparable to that of the drops [2,3,16,28,29] or drops
impacting only partially a small target [30] have also been studied.

The complex interaction of a drop with a solid surface during drop collision may be removed
or at least significantly reduced by using repellent surfaces, which avoid a direct contact between
the liquid sheet and the solid target. Repellent surfaces include superhydrophobic surfaces [31], hot
plates above the Leidenfrost temperature [32,33] or sublimating surfaces [20,34]. Nevertheless, the
fact that shear viscous dissipation can be neglected during the expansion of the sheet after impact
does not mean that there is no viscous dissipation process. Indeed, biaxial extensional viscous
dissipation is dominant in freely expanding sheets. Surprisingly this has never been documented
to the best of our knowledge, except in a very recent paper [35], where the authors have attributed
an inhibition of a drop-substrate contact during drop impact to a large increase of the extensional
viscosity.

A possible reason for ignoring the biaxial extensional viscous dissipation is that for sheets
expanding completely on a solid surface, viscous dissipation should be dominated by shear. For
small targets however, both shear and biaxial extensional viscous dissipation processes may be
relevant: this is the goal of a future publication. In the present paper, only biaxial extensional viscous
dissipation is relevant as the sheet expands freely due to the inverse Leidenfrost effect discussed
below. In this work, we investigate the expansion dynamics of free sheets of a viscoelastic thinning
fluid produced upon impacting a single drop on a repellent surface in inverse Leidenfrost conditions,
and compare it to the respective response of Newtonian fluids. We demonstrate that accounting for
the viscous dissipation due to biaxial extensional viscosity during the expansion of the sheet is
crucially important. We provide a simple approach to evaluate the biaxial extensional viscosity of
thinning viscoelastic fluids, and finally propose a model to quantitatively account for the viscosity
dependence of the maximum expansion of sheets.

The paper is organized as follows. We first describe the materials and methods. We then show the
shear rheological properties of the viscoelastic fluids of interest and their behavior upon impact on a
repellent surface. Subsequently, we rationalize the results by accounting for the biaxial extensional
viscosity and by means of a simple scaling model. The main conclusions are summarized in the last
section.

II. MATERIALS AND METHODS

A. Materials

We investigate solutions of polyethylene-oxide (PEO) of high molecular weight (Mν =
8000 kDa) from Sigma-Aldrich. Several samples with concentration C between 10−3 wt% and
2 wt% are prepared by adding PEO powder, as received, to the appropriate volume of deionized
pure water, or mixtures of water and glycerol (20 wt%, 35 wt%, and 41.66 wt% glycerol), and leave
the solution under stirring at T = 25 ◦C for 24 h at least in the dark, until complete dissolution. Note
that, in order to enhance the visualization contrast, all PEO solutions are colored using a Nigrosin
dye (from Sigma-Aldrich) at concentration 0.025 wt%. The surface tension of high molecular
weight PEO solutions is independent of polymer concentration (γ = 62 m Nm−1) [36]. Pendant
drop experiments confirm that the addition of dye does not affect the surface tension of the final
solutions. In addition, in order to compare the behavior of viscoelastic polymer solutions with that
of simple fluids, we use two classes of Newtonian fluids, mixtures of water and glycerol and silicon
oils. Silicon oils, with shear viscosities from 5.2 to 1075 mPa s and an average surface tension of
20 mN/m [37], were purchased from Sigma Aldrich and used as received. Mixtures of water and
glycerol with concentrations ranging from 22 to 97.5 wt% glycerol are prepared, yielding shear
viscosities from 1.7 to 1910 mPa s (depending on the glycerol weight fraction and temperature),
densities from 1.05 to 1.25 g/ml, and an average surface tension of 65 mN/m (as measured with a
pendant drop setup).
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FIG. 1. Left: Schematic illustration of the impact experiments setup showing a drop falling on a liquid
nitrogen thin layer. The expansion event is recorded using two fast cameras allowing concomitant top and side
visualizations. Right: Adapted from Ref. [34], schematic of the inverse Leidenfrost effect at the origin of the
shear free expansion.

B. Methods

1. Drop impact experiments

To substantially eliminate the role of friction or adhesion with the solid surface on the impact
dynamics, we work under inverse Leidenfrost conditions. This is achieved by impacting a drop at
ambient temperature T (between 18.5 and 22.5 ◦C) on a polished quartz slide covered with a thin
layer of liquid nitrogen (N2) at T = −196 ◦C (see Fig. 1). The setup is described elsewhere [20].
Upon impact of the drop, a vapor cushion forms at the liquid interface due to the evaporation of N2,
providing a unique scenario of nonwetting slip conditions that eliminates shear viscous dissipation
[34,38]. The rare cases where the impacting drop comes in direct contact with the surface with
instantaneous freezing are eliminated, so the nitrogen vapor film keeps the liquid drop separated
from the surface for all the reported experiments. Before each impact, the quartz slide is first cleaned
by blowing N2 gas, and then a thin layer (typical thickness 50 nm as measured by ellipsometry)
of liquid N2 is deposited on the slide. The liquid is injected from a syringe pump with a flow
rate of 1 ml/min through a needle placed above the target, from the side as shown in Fig. 1. The
diameter of the falling drop is constant, d0 = 3.9 ± 0.2 mm, as measured by image analysis and
confirmed from the drop mass. The drop falls from a height h = 91 cm, yielding an impact velocity
v0 = √

2gh = 4.2 ms−1(g is the acceleration of gravity).The drop impact is recorded from the top
[Fig. 2(a)] using a high-speed camera (Phantom V 7:3) operated at 6700 frames/s with a resolution
of 800 × 600 pixels2. The angle between the camera axis and the horizontal plane is fixed to
about 10◦. A second high-speed camera (Phantom miro M310), operated at 3200 frames/s with a
resolution of 1280 × 800 pixels2, is eventually used simultaneously to record a side view [Fig. 2(b)].

2. Image analysis

The time evolution of the sheet size is measured with ImageJ software by analyzing top-view
images. We first subtract the background image from the expansion movie and highlight the rim by
a binary thresholding. This allows us to determine the sheets contour and measure its area A. Note
that A does not include the fingers emanating from the rim of the expanding film; they may appear
for low viscous samples (Fig. 2) but do not develop for more viscous ones (see Fig. 4 below). An
apparent sheet diameter is simply deduced: d =

√
4A
π

. The results are obtained by averaging for each
sample the time evolution of the sheet diameter from three different experiments. Note, however,
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FIG. 2. (a) Top-view and (b) side-view snapshots of the maximum expansion of a low viscous Newtonian
sample (22wt% glycerol-water mixture), revealing that the effective diameter dMax from the top view
underestimates the maximum expansion of the sheet �Max. (c) Relative side-view correction effect (in %)
as a function of shear viscosity of Newtonian glycerol-water. The line is an empirical fit of the data points
(symbols).

that corrections have to be performed for low-viscosity samples. Indeed, side-view images reveal
the occurrence of a so-called corona splash [Fig. 2(b)] [8], for low viscous Newtonian samples. This
implies that the routine standard analysis using top-view images would underestimate the maximum
expansion diameter. The side view allows one to evaluate the actual diameter of the sheet [see �Max

in Fig. 2(b)]. The fractional underestimation, defined as �Max−dMax
dMax

, with dMax the maximum diameter
measured from top-view images, is plotted as a function of the samples zero-shear viscosity, η0, in
Fig. 2(c). We find that the fractional underestimation decreases logarithmically with η0, from about
22wt% for the lowest viscosity sample and vanishes for η0 � 100 mPa s. Hence, in the following,
quantitative corrections are made for the maximum expansion diameter based on the empirical
logarithmic law. For samples with a shear viscosity larger than 100 mPa, the sheet remains flat
and no correction is needed.

3. Rheology

Linear viscoelastic and steady shear viscosity measurements are performed with a MCR302
stress-controlled rheometer (Anton Paar, Austria), operating in the strain-control mode and equipped
with a stainless steel cone and plate geometry with a diameter of 50 mm, cone angle of 1◦ and
truncation of 101 μm. Temperature control (±0.2 ◦C) is achieved by means of a Peltier element.
The linear viscoelastic spectra are obtained by applying a small amplitude sinusoidal strain, such
that data are obtained in the linear regime (γ = 10%), varying the angular frequency, ω, from
100 to 0.01 rad/s, and measuring the storage, G′(ω), and loss, G′′(ω), moduli. The complex

viscosity is calculated from the linear viscoelastic spectra as |η�(ω)| =
√

[G′2(ω)+G′′2(ω)]
ω

. The steady
shear viscosity, η(γ̇ ) is measured by applying a ramp of steady shear rate varying from 0.01 to
1000 s−1.
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FIG. 3. (a) Frequency dependence of the storage (G′) and loss (G′′) moduli, and (b) complex viscosity as
a function of frequency (open symbols) and steady shear viscosity as a function of shear rate (filled samples),
and fits (lines) using the Cross equation [Eq. (1)], for samples with different PEO concentrations C as indicated
in the legend. (c) Evolution with C of the terminal relaxation time and (d) of the zero shear viscosity.

III. RESULTS

A. Shear rheology

Figure 3(a) shows the dynamic moduli as a function of oscillatory frequency for aqueous polymer
solutions with various concentrations. For C > 0.6 wt%, the crossover of G′ and G′′ marks a
characteristic relaxation time τ0, which is the best estimate for the onset of the terminal regime.
Figure 3(c) shows that τ0 ∼ C0.44 s. This scaling exponent is in the range that have been reported
for high molecular weight PEO aqueous solutions [39]. Results for samples prepared with mixtures
of water and glycerol are consistent with those obtained for pure water samples [Fig. 3(c)].

The zero shear viscosity, η0, varies by more than 5 orders of magnitude from 1 to 105 mPa s
for the samples investigated. The variation of η0 with polymer concentration, C, reveals the two
expected regimes [Fig. 3(d)]: an unentangled regime for C < 0.27%, where the viscosity increases
slowly with the polymer concentration, and an entangled regime at larger concentration, where
η0 ∝ C4.7, in agreement with predictions by scaling arguments based on the tube model [40].

Figure 3(b) depicts the complex viscosity, |η�(ω)| as a function of frequency, along with the
steady shear viscosity, η(γ̇ ) as a function of shear rate, γ̇ . The nice collapse of the dynamic and
steady data validates the Cox-Merz rule [41]. We find that all samples are strongly shear thinning and
that an empirical fit by means of the Cross model provides a good description of the shear-thinning
behavior of PEO solutions [continuous lines in Fig. 3(b)] [42]:

ηs(γ̇ ) = η∞ + η0 − η∞
1 + (kγ̇ )n

. (1)
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FIG. 4. Snapshots taken at different times, as indicated, during the expansion and retraction of the sheet
for (a) a Newtonian silicon oil with shear viscosity η0 = 658 mPa s; maximum expansion reached at time
tmax = 5.22 ms and (b) a PEO solution with C = 0.6wt% and η0 = 628 mPa s; maximum expansion reached
at time tmax = 5.02 ms. The bar sets the scale.

Here η∞ is the viscosity at very large shear rate that we set equal to the solvent viscosity
(water or water-glycerol mixture), η0 is the zero-shear viscosity [plotted in Fig. 3(d)], n is the
shear-thinning exponent, and the parameter k is the inverse of a critical shear rate that delimitates
a Newtonian regime from a shear-thinning regime. We find that the shear-thinning exponent n
increases with increasing C from 0.59 to 0.85. Moreover, for all concentrations the fitting parameter
k is monotonically increasing with C, similarly to the characteristic relaxation time τ0, and it marks
the onset of shear thinning.

B. Drop impact experiments

Once hitting the repellent surface, the drop expands freely in air until reaching a maximum
expansion. It then retracts because of surface tension. This corresponds to an an axisymmetric
biaxial extensional flow. The overall behavior is illustrated in Fig. 4, which depicts snapshots of
the drop after its impact for a PEO solution with C = 0.6% (η0 = 628 mPa s) and for a Newtonian
sample of comparable zero-shear viscosity (η0 = 658 mPa s). The two samples display strikingly
different behavior: the viscoelastic fluid drop expands much more than the Newtonian drop and
moreover forms a thicker rim. More quantitatively, we show [Figs. 5(a) and 5(b)] selective raw data
for the time evolution of the effective sheet diameter normalized by the original drop, d

d0
, for PEO

solutions at different concentrations and Newtonian liquids (here silicon oils, but water-glycerol
mixtures exhibit the same behavior) with different viscosities. The origin of time is chosen at the
time when the drop hits the liquid nitrogen layer. Expansion and retraction regimes are shown,
yielding a bell shape for the curves. We note that the curves for the viscoelastic fluids are very
symmetric as opposed to the ones for the more viscous Newtonian fluids, where a very long
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FIG. 5. Time evolution of the sheet diameter normalized by the initial drop diameter for (a) PEO solutions
with different concentrations and (b) silicon oils with different shear viscosities, as indicated in the legends.
The origin of the time is taken at the drop impact.

retraction regime is measured. These findings deserve deeper investigations in the future, but in
the following, we focus on the maximum expansion diameter dMax.

For a biaxial extensional flow,during the expansion of free liquid sheets after impact on a
repellent surface, the relevant viscosity is the biaxial extensional viscosity defined as ηB = σrr−σzz

ε̇
,

where ε̇ is the strain rate, and σrr and σzz are the stress tensor components in cylindrical coordinates.
For a Newtonian fluid the constant biaxial extensional viscosity ηB = η0

B = 6η0, where η0 is the
zero-shear viscosity and 6 is the Trouton ratio [43]. As a first-order analysis aiming at rationalizing
the expansion dynamics of sheets of Newtonian and thinning fluids, we consider the maximum
expansion factor, dMax/d0, with d0 the initial drop diameter and plot [Fig. 6(a)] this quantity as a
function of the biaxial extensional viscosity η0

B. Note that the shear viscosity is measured at the room
temperature of the impact experiment; this is of particular importance for water-glycerol mixtures
which exhibit a strong temperature dependant viscosity [44]. Similarly to findings for Newtonian
fluids impacting a small solid target [19], two regimes are observed for both polymer solutions and
Newtonian fluids. At low η0

B a capillary regime prevails, where the maximum expansion is mainly
driven by a balance between surface tension forces and inertial forces, with viscous dissipation being
negligible. Hence, this regime is characterized by a plateau. By contrast, in the viscous regime at
higher η0

B, dMax decreases monotonically with increasing viscosity.
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FIG. 6. (a) Maximum diameter of the sheet normalized by the initial drop diameter as a function of the
biaxial extensional viscosity, and (b) normalized maximum expansion factor as a function of the biaxial
extensional Ohnesorge number, for PEO solutions and for Newtonian liquids.

To get further insight into the observed behavior, we use the normalized maximum expansion
factor, d̃ , adopting the same definition as in Refs. [12,19]:

d̃ = dMax

dcap
Max

, (2)

where dcap
Max is the maximum expansion diameter in the capillary regime (at low viscosity). This

normalized quantity allows us to compare drops with different initial sizes and different surface
tensions. In addition, to account for different surface tensions for different samples, data are plotted
against the biaxial extensional Ohnesorge number, [OhB0], the ratio of biaxial extensional viscous
forces to inertial and surface tension forces:

OhB0 = η0
B√

ργ d0
(3)

with ρ the sample density and γ the surface tension. Figure 6(b) shows the evolution of d̃ with
OhB0 for both polymer solutions and Newtonian fluids. The data for the two types of Newtonian
samples overlap nicely onto a master curve and exhibit a capillary regime (for OhB0 � Ohc

B0 = 2)
characterized by a plateau, followed by a biaxial extensional viscous dissipation regime. We find
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FIG. 7. Normalized maximum expansion factor as a function of the effective biaxial extensional Ohnesorge
number for polymer solutions and for the two classes of Newtonian samples. The thin continuous line is the
best fit with Eq. (11), and the dashed lines are used to evaluate error bars on the fit parameter.

that for the thinning fluids, the onset of the viscous regime takes place at approximatively the
same critical biaxial extensional Ohnesorge number Ohc

B0 as for Newtonian liquids. Interestingly,
however, d̃ decreases much more gradually with OhB0 as compared to Newtonian fluids in the
viscous regime. This clearly suggests the importance of a biaxial extensional thinning of the polymer
solutions in the viscous dissipation regime. In the next section, we provide a rationalization for the
biaxial extensional expansion dynamics of sheets produced with Newtonian and non-Newtonian
fluids.

IV. DISCUSSION

A. Rationalization of biaxial extensional thinning

From the data of Fig. 6(b), one can easily define an effective biaxial extensional thinning viscosity
ηshift

B for polymer samples belonging to the viscous regime (OhB0 > Ohc
B0) by shifting horizontally

the experimental data point so that they fall on the master curve found for Newtonian samples.
The shifted values are discussed in Fig. 9 below. No shift is performed in the capillary regime
(OhB0 < Ohc

B0) since viscous dissipation is not relevant. Doing so we build a master curve (Fig. 7)
for the maximum expansion d̃ as a function of OhThin

B for all types of samples, where the effective
biaxial extensional Ohnesorge number OhThin

B = OhB0 for Newtonian samples and viscoelastic

thinning samples in the capillary regime and OhThin
B = ηshift

B

η0
B

OhB0 for visoelastic thinning samples
in the viscous regime. Below we rationalize the shifting of Fig. 7 and the use of biaxial extensional
viscosity of non-Newtonian fluids.

1. Determination of the pertinent strain rate

Experimentally, measuring properly the biaxial extensional viscosity is a challenging task,
especially for relatively low viscosity fluids such as the present polymers [45–51]. In order to
rationalize ηshift

B , the first step is to properly account for the deformation rate experienced by sheets
during their expansion in air. Here we provide an estimate.

The effective strain rate, defined as ε̇ = 1
d

∂d
∂t , is not constant in the expansion regime, but

decreases with time and vanishes at maximum expansion (Fig. 8). Note that the film expansion is a
time-dependent problem, but here we focus on the maximum diameter (end of expansion process)
and measure the average rate experienced by the sheet during the expansion. The average value for
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FIG. 8. Evolution of the expansion strain rate as a function of the sheet radius during its expansion
for aqueous PEO solutions at different concentrations, as indicated in the legend. Inset: Average strain rate
calculated according to Eq. (4) as a function of concentration. Error bars represent the standard deviation from
three different experiments.

the strain rate in the expansion regime is then calculated as

ε̇av =
∫ rMax

0 rε̇ dr∫ rMax

0 r dr
. (4)

Here rMax = dMax
2 is te radius of the sheet at its maximum expansion.We get an average strain rate

for each solutions that it is used for the rest of the analysis. Note, however, that within experimental
errors (�15% as shown in the inset of Fig. 8), the effective strain rate does not vary significantly with
concentration. Indeed, we obtain a value of 338 ± 49 s−1 by averaging over all samples, including
the PEO solutions prepared in glycerol-water mixtures.

2. Biaxial extensional viscosity

Given the difficulty in obtaining reliable experimental data for the biaxial extensional viscosity
ηB(ε̇) with our samples, we attempt at providing reasonable estimations To this end, we rely on
two pioneering experimental works for the measurements of the biaxial extensional viscosity of
viscoelastic solutions [52,53], where similar scaling have been found in spite of using different
techniques and different samples: wormlike micelles in Ref. [52] and concentrated polymer
solutions in Ref. [53]. At low Weissenberg numbers (Wi = ε̇τ0 < 1), i.e., for rates lower than the
inverse of the terminal relaxation time, τ0, the biaxial extensional viscosity is independent of the rate
and follows the expectation for a Newtonian fluid: ηB = η0

B = 6η0 with η0 the zero-shear viscosity.
By contrast, when Wi > 1, the biaxial extensional viscosity decreases with rate, ηB ∼ ε̇−p with a
thinning exponent p = 0.5 [53]. This scaling has been also predicted by Marrucci and Ianniruberto
[54] using a tube-based model for polymer melts hence, pointing out the universality of the biaxial
extensional thinning behavior.

Based on the similar linear viscoelastic response for the PEO solutions and those investigated
in Refs. [52,53], we expect our samples to exhibit a similar behavior for the biaxial extensional
viscosity as a function of expansion rate. Thus, for each impact experiment in the viscous regime, we
define an effective Weissenberg number as Wieff = τ0ε̇av, where τ0 is given by linear shear rheology
measurements for the data showing crossover between G′ and G′′ and extrapolated, according to
the power law presented in Fig. 3(c), for data without the crossover (0.5wt% and 0.6wt%); ε̇av is
measured from experiments [Fig. 8(b)]. The effective biaxial extensional thinning is characterized
by the experimental data points (Wieff , ηshift

B ), where ηshift
B are obtained from Fig. 7. We show in Fig. 9
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FIG. 9. Effective biaxial extensional viscosity of PEO solutions, extracted from the manual shift of the
data in Fig. 7, normalized by the plateau biaxial extensional viscosity as a function of the Weissenberg number,
plotted together with literature data as indicated in the legend. A unique master biaxial extensional flow curve
is obtained with a thinning exponent of −0.5 in agreement with theoretical predictions (see text). The gray
zone highlights the −0.5 slope.

the variation of the normalized effective biaxial extensional viscosity of PEO solutions ηshift
B /(6η0)

as a function of the effective Weissenberg number Wieff obtained from drop impact experiments in
the viscous regime. On the same plot, we report the experimental data of Refs. [52,53]. We find
a remarkable agreement between our shifted values and those from the literature, even though the
expansion sheet dynamics that result from the impact of drops are nonstationary, supporting our
simple approach.

B. Rationalization of the maximal expansion by considering the biaxial deformation

To go one step further, we provide below scaling laws to account semiquantitatively for the
dependence of the maximum expansion on the biaxial extensional viscosity (Fig. 7). We restrict
our analysis to Newtonian samples. Indeed, for the normalized maximum expansion factor, each
non-Newtonian sample in the viscous regime can be replaced by a Newtonian sample exhibiting the
same normalized maximum expansion factor a shown before.

We adopt an energy conservation balance and first consider the capillary regime, for which the
initial kinetic energy is assumed to be fully converted into surface energy at the maximum expansion
of the sheet:

1
2 mv2

0 � 2πγ
(
dcap

Max

)2
, (5)

where m = ρπd3
0 /6 is the mass of the drop and dcap

Max is the diameter at maximum expansion of the
sheet in the capillary regime where viscous dissipation is negligible. In the viscous regime, we need
to add to the right-hand side of Eq. (5) a term accounting for the viscous dissipation, which here is
assumed to result only from the biaxial extensional deformation:

1
2 mv2

0 � 2πγ d2
Max + EB. (6)

Combining Eqs. (5) and (6), we obtain for the normalized maximum expansion factor, d̃ ,

d̃ = dMax

dcap
Max

=
√

1 − 2EB

mv2
0

, (7)
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with EB the biaxial extensional extensional energy dissipated during the process of sheet expansion.
To a first approximation, EB can be written as

EB ≈
∫ tMax

0
dt

∫
V

σB(ε̇)ε̇ dV, (8)

where V = πd3
0

6 is the volume of the drop, σB(ε̇) = ηBε̇, and tMax is the time to reach maximum
expansion. Hence, assuming also a volume conservation with a uniform thickness sheet, Eq. (8) can
be rewritten as

EB ≈ ηB
πd3

0

6

∫ tMax

0

(
1

d

∂d

∂t

)2

dt . (9)

Using a simple first-order scaling approach to calculate the strain rate, we consider ∂d
∂t ≈ dMax−d0

tMax

and a geometric average between the initial and final values of the sheet diameter, d ≈ √
d0dMax,

Eq. (9) reads

EB ≈ ηB
πd2

0

6

(dMax − d0)2

dMaxtMax
. (10)

Here (dMax−d0 )2

dMaxtMax
can be considered as an apparent velocity, vapp, close to the initial expansion

speed of the drop upon impact. Combining Eqs. (7) and (10) together with the definition of the
biaxial extensional Ohnesorge number, one predicts

d̃ =
√

1 − αOhB (11)

with α = 2vLvapp

v2
0

and vL =
√

γ

ρdo is the typical velocity of free oscillations of the drop [55]. We find
that the functional form of Eq. (11) reproduces very nicely the experimental data (Fig. 7), which
implies that vapp is approximatively constant. The best fit of the data (continuous red line) yields, for
all concentrations, α = 0.06 ± 0.02, where the error bars are used to obtain the two envelopes of the
data (dashed black lines). This value is compared to the theoretical expectations for the parameter
α. For Newtonian fluids, vapp = 2.3 ± 1.2 m/s, thus α = 00.25 ± 0.02, Overall, the fit parameter of
the master curve is thus found in reasonable agreement with the ones calculated using the different
experimental quantities, thus justifying the relevance of our approach.

V. CONCLUSION

Drop impact experiments on repellent surfaces have been performed with Newtonian fluids and
shear-thinning polymer solutions. Two regimes for the maximum expansion diameter of freely
expanding sheets have been identified: a capillary regime, where the maximum expansion does
not depend on viscosity, and a viscous regime, where the maximum expansion is reduced with
increasing viscosity. We have demonstrated that the dominant source of viscous dissipation is the
biaxial extensional deformation during sheet expansion, which consequently controls the maximum
expansion of the sheets in the viscous regime. We have provided a scaling prediction of the sheet
maximum expansion as a function of the biaxial extensional Ohnesorge number, in good quantitative
agreement with our experimental results. For viscoelastic thinning fluids, we have proposed a simple
approach to measure the biaxial extensional thinning viscosity based on the maximum expansion
factor of a freely expanding sheet: the relevant characteristic thinning viscosity is simply given by
the viscosity of a Newtonian fluid with the same normalized expansion factor; it obeys the behavior
of the biaxial extensional viscosity of polymeric samples as a function of the Weissenberg number
in stationary conditions, providing one considers the mean biaxial extensional rate of the sheet
during the expansion regime, as the relevant strain rate for the Weissenberg number. Our approach
constitutes a first and crucial step toward the development of a new class of biaxial extensional
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rheometry tools based on drop impact experiments but needs further investigations (in current
progress) including drops of different diameters and different impact heights.
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Chapter 4

Viscoelasticity and elastocapillarity
effects in the impact of drops on a

repellent surface

In this chapter, we report the paper Viscoelasticity and elastocapillarity effects in the impact
of drops on a repellent surface, C.-A. Charles, A. Louhichi, L. Ramos and C. Ligoure, Soft
Matter, 17, 5829-5837, 2021, where we present a non-linear damped harmonic oscillator
model to predict the maximal expansion and the time to reach it of a free liquid sheet.
The impacting drops are Newtonian fluids with biaxial extensional viscosities varying
over three order of magnitude and viscoelastic samples spanning a large range of elastic
moduli, characteristic relaxation times and viscosities.
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We investigate freely expanding viscoelastic sheets. The sheets are produced by the impact of drops on

a quartz plate covered with a thin layer of liquid nitrogen that suppresses shear viscous dissipation as a

result of the cold Leidenfrost effect. The time evolution of the sheet is simultaneously recorded from

top and side views using high-speed cameras. The investigated viscoelastic fluids are Maxwell fluids,

which are characterized by low elastic moduli, and relaxation times that vary over almost two orders of

magnitude, thus giving access to a large spectrum of viscoelastic and elastocapillary effects. For the

purposes of comparison, Newtonian fluids, with viscosity varying over three orders of magnitude, are

also investigated. In this study, dmax, the maximal expansion of the sheets, and tmax the time to reach this

maximal expansion from the time at impact, are measured as a function of the impact velocity. By using a

generalized damped harmonic oscillator model, we rationalize the role of capillarity, bulk elasticity and

viscous dissipation in the expansion dynamics of all investigated samples. In the model, the spring

constant is a combination of the surface tension and the bulk dynamic elastic modulus. The time-varying

damping coefficient is associated to biaxial extensional viscous dissipation and is proportional to the

dynamic loss modulus. For all samples, we find that the model reproduces accurately the experimental

data for dmax and tmax.

1 Introduction

When a drop with a high level of kinetic energy hits a surface, it
expands radially into a transient sheet, until reaching a maximum
diameter before, in some cases, receding partially or completely
depending on the nature of the drop and the surface. Predicting
the maximum diameter and the time needed for the sheet to reach
the latter is crucial for many industrial applications such as spray
coating,1 pesticide application,2 forensic science3 or ink-jet
printing.4 As a matter of fact, the dynamics of drop impact has
been extensively studied over the years and has been greatly aided
by the emergence of high speed imaging.5,6 The impact of a drop can
now be observed in real time for various systems such as Newtonian
fluids with different viscosities,7,8 suspensions of particles,9,10 shear
thickening fluids,11 polymer solutions12 or other viscoelastic
materials13 as well as soft elastic beads.14 These materials are
impacted on many different surfaces such as thick and thin liquid
films or solid surfaces of different roughness15 and wettability16 but
also of different sizes, geometries6,7,17 or inclinations.18

Numerous rationalizations6 and simulations19–21 of the impact
process have provided great insight into the expansion dynamics

of Newtonian fluids. These models are generally based on a
balance of energy and aim to predict the maximum diameter
reached by the sheet as a function of characteristic adimensional
numbers (Reynolds, Weber and Ohnesorge numbers). In the case
of viscoelastic fluids, rationalization is however more complex
and was not as extensively studied.22,23 Though, because most
industrial impact phenomenon involve viscoelastic fluids, under-
standing the behavior of impacted viscoelastic drops is of great
interest.

Impact dynamics of viscoelastic fluids is more complex than
for Newtonian fluids. For this reason, we simplify the contribution of
dissipation by impacting drops on a repellent surface. Such surfaces
include superhydrophobic surfaces,24 hot plates above the
Leidenfrost temperature25,26 or cold plates used in cold Leidenfrost
conditions.14,27 Repellent surfaces avoid a direct contact between the
liquid sheet and the solid surface hence it suppresses the contact
between the drop and the solid surface during drop collision and
sheet expansion. Viscous dissipation due to shear is therefore
suppressed. However, the use of repellent surfaces does not sup-
press all viscous dissipation. We have recently shown that biaxial
extensional viscosity is the relevant source of viscous dissipation
involved in the impact dynamics of drops in cold Leidenfrost
conditions for which the shear dissipation is suppressed.28

In this work, we investigate the expansion dynamics of freely
expanding sheets formed by the impact of drops of viscoelastic
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fluids for which the effects of bulk elasticity, capillarity and
viscosity combine in a non-trivial way. Drops are impacted in cold
Leidenfrost conditions at several impact velocities. A simple model
of 1D harmonic oscillator was used to provide a quantitative
estimate of the expansion dynamics of sheets without viscous
dissipation for drops of inviscid fluids,29,30 for elastic beads31 and
for ultra-soft elastic beads and viscoelastic drops with long relaxa-
tion times with respect to the duration of the impact experiment.14

Viscous damping has also been recently included in the 1D
oscillator model to account for viscous dissipation in the rebound
of Newtonian fluids32 or droplet oscillation after impact.33 Here,
we show that taking into account the viscoelastic nature of the
samples is crucial to capture into a generalized damped oscillator
model, beyond the scaling arguments, the non-trivial combination
of bulk elasticity, surface tension and viscosity in the expansion
dynamics of viscoelastic drops following impact. The model
successfully describes the expansion of sheets made from visco-
elastic fluids as well as Newtonian liquids with a wide range of
viscosities allowing one to extend investigations further than the
capillary regime.

2 Methods and materials
2.1 Experimental set-up

With the aim of weeding out the shear dissipation, drop impact
experiments are performed under cold Leidenfrost conditions
using a set-up described previously.14,28 The drop at ambient
temperature impacts a quartz plate covered by a thin layer of
liquid nitrogen (boiling point Ts = �196.15 1C). As the tem-
perature of the drop is higher than Ts, the liquid nitrogen
evaporates partially upon impact, creating a vapor layer under the
expanding drop of typical thickness 100 mm.34 The drop is sup-
ported by the evaporating nitrogen throughout the whole expansion
process and is left to expand free of shear viscous dissipation.27,35

The experimental set-up is schematically shown in Fig. 1a.
The drops are released from a needle (internal diameter 2 mm)
placed vertically above the quartz surface and connected,
through a flexible Teflon tube, to a syringe pump set at a flow
rate of 1 ml min�1. The initial diameter of the drop, d0, varies
between 3.1 and 3.8 mm depending on the fluids surface
tension. The height, H, from which the drop is released into
a free fall is varied between 11 cm and 131 cm in order to obtain
impact velocities ranging between 1.5 and 5 m s�1. Drops
accumulate inertial energy throughout their fall until reaching
the surface covered with the thin liquid nitrogen layer where
they expand and reach a maximal expansion before retracting due
to surface tension and stored elastic energy. During retraction,
some droplets are eventually expelled from the rim. The whole
process is captured from the top, at an angle of approximately 101
with the vertical plane, by a high speed camera, Phantom V 7: 3,
operating at 6700 fps with a resolution of 800� 600 pixels2 and, for
most experiments, simultaneously from the side by a Phantom
miro M310 operating at 3200 fps with a resolution of 1280 �
800 pixels2. We use the side imaging to check that the sheets
are flat during the whole duration of the expansion. The top

view imaging is used to quantify the expansion dynamic. Proper
illumination for acquisition is provided by high-intensity back-
lights; Phlox HSC with a luminance of 98 cd m�2 in the bottom
and Phlox LLUB with a luminance of 20 cd m�2 on the side. The
temperature (20 1C on average) of the room is systematically
measured before each impact experiment to control the experi-
mental conditions. Between each impact, the substrate is
cleaned with ethanol. Fig. 1b and c show top and side views
of a viscoelastic sheet taken at its maximal expansion. The
snapshots show that the sheet at maximal expansion has a near
circular shape and lays almost flat on the nitrogen gas.

As the temperature of the fluid on which the drop is
impacted is very low (Ts = �196.15 1C, the boiling point of
liquid nitrogen) as compared to the initial temperature of the
drop (about 20 1C), one should ensure that the drop does not
freeze upon impact and that its temperature remains constant
throughout the expansion. We thus quantify the typical time for
the heat to transfer from the drop to the quartz plate and
compare this time to the typical time of an experiment (typically
of the order of a few ms). The principal heat transfer mode
between the sample and the vapor layer is conduction.36–38

The calculation is reported in the ESI.† It shows that the
temperature of the sheet decreases by less than 0.8 1C when
the sheet reaches maximal expansion. Hence, it is reasonable
to assume that the temperature of the sheet does not vary
considerably until maximum expansion. Thus, in the following
the rationalization of the experimental results will be done
using the fluids properties measured at 20 1C, close to the
temperature of the drop impact experiments.

2.2 Image analysis

The stacks of frames obtained from top view imaging are analyzed
using ImageJ software. The sheet is delimited by adjusting the
threshold and its area, A, is measured for each frame using the
analyze particle command. We have checked that corrections in
the measured area, due to the camera angle, can be safely

neglected. An apparent diameter, d, is extracted using d ¼
ffiffiffiffiffiffi
4A

p

r
.

Fig. 1 (a) Schematic illustration of the set-up where a drop falls onto a
quartz plate covered with a thin layer of liquid nitrogen. The impact is
simultaneously recorded from the top and the side by two fast cameras.
(b and c) Snapshots of a viscoelastic sheet (sample M14f10r6) taken at
maximal expansion from the top (b) and from the side (c). The impact
velocity is v0 = 4.7 m s�1. The scale bars represent 5 mm.
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For Newtonian fluids with zero shear viscosities lower than
100 mPa s, the maximal diameter is corrected in accordance with
observations made in ref. 28. Indeed, for these low viscosity
samples side view imaging shows that the sheet exhibits a corona
shape, resulting in an underestimation of the actual diameter if
simply estimated from top imaging.28 We check that for all
investigated viscoelastic samples, the sheets remain flat and no
correction is necessary. In the following, for each impact velocity
and sample, the reported time evolution of the sheet diameter
corresponds to an average over three different experiments.

2.3 Shear rheology

All samples are characterized rheologically using either Anton
Paar MRC302 or ARES RFS 1KFRT rheometers, equipped with
stainless steel cone and plate geometries of diameter 50 mm
with an angle of 11 and a truncation of 101 mm. Dynamic strain
sweeps with strain amplitude from 0.1% to 100% are con-
ducted at frequencies of 10 and 50 rad s�1 to define the linear
viscoelastic regime. Dynamic frequency sweeps are performed
at a strain amplitude g = 1%, well in the linear regime, for an
angular frequency varying from 100 to 0.01 rad s�1. Temperature
is set at 20 1C for all measurements and controlled using a
Peltier element (accuracy of 0.2 1C).

2.4 Systems

Two classes of fluids are investigated: two types of Newtonian
liquids and two types of viscoelastic fluids.

The Newtonian liquids consist of silicone oil blends (SO)
and glycerol–water mixtures (G–W). Silicone oils are purchased
from Sigma Aldrich and blended to give mixtures of different
viscosities. The zero shear viscosities of the blends vary from
5 mPa s to 970 mPa s as measured at 20 1C, their average
surface tension is 20 mN m�139 and their density varies
between 0.913 and 0.97 g ml�1 (as calculated from the densities
of the purchased silicone oils). The composition of glycerol–
water mixtures varies from 0 to 97.5% w/w glycerol, yielding
zero shear viscosities from 1 mPa s (for pure water (W)) to
813 mPa s (for 97.5% w/w glycerol), densities from 1.05 g ml�1

to 1.25 g ml�1, and an average surface tension of 65 mN m�1, as
measured with a pendant drop set-up.

The first viscoelastic system consists of bridged micro-
emulsions composed of decane droplets of radius 6 nm14,40

stabilized in brine (0.2 M NaCl) by cetylpyridinium chloride
(CpCl) as surfactant, and n-octanol as co-surfactant, with a
molar ratio of n-octanol over CpCl of 0.65. The droplets are
reversibly linked by polymer chains of poly(ethylene oxide)
(PEO) of molar mass 35 kg mol�1 with hydrophobic stickers
grafted at both ends, resulting in the formation of a transient
network. The micro-emulsions are characterized by the number
of carbon atoms in each sticker, n (n = 12, 14 or 18), the average
number of stickers per droplet, r, comprised between 4 and 9,
and f, the mass fraction of oil droplets (f = 8 and 10%). The
sample preparation is described elsewhere.13

The second viscoelastic system consists of entangled wormlike
micelles41,42 produced by self-organization, in 0.5 M brine, of
surfactant molecules, sodium salicylate (NaSal) and CpCl, with a

fixed molar ratio [NaSal]/[CpCl] of 0.5. Micelles are decorated by
an amphiphilic polymer (Synperonic F-108), purchased from
Serva, a PEO–PPO–PEO (with PPO being polypropylene oxide)
triblock copolymer with an average molar mass of 14 kg mol�1.
The addition of amphiphilic polymer allows to easily tune the
relaxation time.43 The micelles preparation is described in ref. 44.
Micelles are characterized by f, the mass fraction of surfactant
(between 5 and 9%) and a the molar ratio of amphiphilic polymer
over surfactant (from 0.48 to 4%).

For both classes of viscoelastic samples, the linear rheological
behavior can be well described in the frequency range of interest
by a one mode Maxwell model in which the viscoelasticity is
characterized by a single relaxation time, t and a plateau
modulus, G0. In this model, the storage and the loss moduli

respectively read G0ðoÞ ¼ G0ðotÞ2
1þ ðotÞ2 and G00ðoÞ ¼ G0ðotÞ

1þ ðotÞ2 with

o, the oscillation frequency. In reduced units, the storage and

the loss moduli respectively read ~G0 ¼ G0=G0 ¼
~o2

1þ ~o2
and

~G00 ¼ G00=G0 ¼
~o

1þ ~o2
with ~o = ot. Fitting the frequency-

dependent linear viscoelastic response of the samples with a
Maxwell model allows one to determine the elastic plateau, G0

and the characteristic time, t. These characteristic parameters
are reported in Table 1 along with the dynamic viscosity, Z0 = G0t
for all viscoelastic samples. The plateau modulus, G0, ranges
from 10 to 194 Pa and the relaxation time, t, from 1 ms to
178 ms, yielding dynamic viscosities, G0t, between 0.031 and
1.78 Pa s. The samples are made to have relaxation times
smaller than, comparable to, or larger than the characteristic
time of the experiment, typically 6 ms, with the aim to probe
viscous and elastic effects. We find (Fig. 2) that the experimental
data (symbols) for all viscoelastic samples collapse on one
master curve which conforms to the one-mode Maxwell model
(lines), showing that the samples viscoelasticity can indeed be
satisfyingly described by this model.

Table 1 List of viscoelastic samples and their rheological properties. Micro-
emulsion samples are named MnfXrY with n, the number of carbon per
sticker for the telechelic polymers, X the value in % g/g for f, the hydrophobic
weight fraction and Y, the value of r, the average number of stickers per oil
droplet. The name of wormlike micelle samples follows the nomenclature:
WMfXaY with X the value in % g/g for f, the mass fraction of surfactant, and Y
the value in % for a, the mole fraction of amphiphilic polymer. G0 is the elastic
modulus, t, the relaxation time and Z0 = G0t, the zero shear viscosity

Name G0 [Pa] t [ms] Z0 [Pa s]

Micro-emulsions
M18f10r4 10 178 1.78
M14f8r9 189 8 1.5
M14f8r8 128 6 0.77
M14f10r6 48 5 0.23
M14f8r6 31 4 0.12
M12f10r8 194 2 0.39

Wormlike micelles
WMf5a0.48 50 8 0.4
WMf7a1.8 73 2 0.146
WMf9a4 64 1 0.031
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3 Experimental results

After its release, the drop reaches the surface covered with a
thin liquid nitrogen layer and expands with a disk-like shape on a
gaseous nitrogen cushion. After reaching a maximal expansion, the
sheet retracts due to surface tension and bulk elastic energy. A series
of snapshots showing the whole process, from the impact of the
drop to the expansion of the sheet and subsequently its retraction is
displayed in Fig. 3. The expansion and retraction events result in
bell shaped curves for the time evolution of the diameter of the
sheet. During the retraction regime, axisymmetry is lost due to non-
reversible instabilities and the sheet cannot be reasonably assimi-
lated to a disk anymore. For this reason, this regime will not be

further investigated. We define b ¼ d

d0
, the stretching ratio with d,

the apparent diameter of the sheet and d0, the initial diameter of the
drop. The origin of time is chosen at the time at which the drop
comes into contact with the nitrogen vapor layer in such a way that
the diameter at t = 0 is d0, and hence b = 1. Fig. 4a shows the time
evolution of b for sample M14f8r9 at different impact velocities, v0,

from 1.5 to 5 m s�1 as indicated in the legend. The normalized
diameter at maximum expansion, bmax, increases monotonically
with the impact velocity while the time to reach maximal expansion,
tmax, slightly increases with v0. Fig. 4b shows the time evolution of b
for all viscoelastic samples and three Newtonian samples with
viscosity of 1, 216 and 658 mPa s, for a same impact velocity v0 =
4.2 m s�1. Overall, the curves follow the same general behavior but
the key parameters, bmax and tmax, vary strongly from one sample to
another (between 3.1 and 6.7 for bmax and between 1.4 and 6.3 ms
for tmax at v0 = 4.2 m s�1) with no straightforward dependence on the
rheological parameters, G0, t or Z0.

From the evolution of the diameter with time, we extract
bmax and tmax. The viscoelastic fluids are impacted at different
impact velocities and the dependence of bmax and tmax with the
impact velocity is shown in Fig. 5a and b. Additionally, the
effect of v0 on bmax and tmax for two Newtonian samples: water
and a mixture with 91% g/g of glycerol in water (Z0 = 216 mPa s)
is also shown in Fig. 5a and b. The other Newtonian samples
(star symbols) are all impacted at one velocity (v0 = 4.2 m s�1)
with bmax and tmax decreasing for increasing viscosity (symbols
of increasing darkness). The dependence of bmax with the
impact velocity follows bmax p v0 with prefactors which are
sample-dependent. One could not infer simple correlations

Fig. 2 (Symbols) reduced storage, G̃ (squares), and loss, G̃00 (circles),
moduli as a function of the reduced oscillatory frequency, ~o, for the
viscoelastic samples, as indicated in the legend. Moduli, G0 and G00, are
normalized by the sample shear modulus, G0, and the frequency, o, is
multiplied by the sample characteristic relaxation time, t. (Lines) Theore-
tical expectations for a one-mode Maxwell fluid.

Fig. 3 Snapshots taken at different times, as indicated, during the expan-
sion and retraction of a sheet produced with sample M14f10r6 impacted
at a velocity of 4.7 m s�1. The bar sets the scale.

Fig. 4 Time evolution of the sheet diameter upon impact normalized by the
initial drop diameter for (a) sample M14f8r9 at different impact velocities as
indicated in the legend (b) all viscoelastic samples and selected Newtonian
fluids: pure water (W, Z0 = 1 mPa s), glycerol water mixture (G–W, Z0 =
216 mPa s) and silicone oil (SO, Z0 = 658 mPa s) impacted at v0 = 4.2 m s�1.
The error bars in (a) represent the standard deviation of three different
experiments. Error bars have been removed from (b) for more clarity.
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between the prefactors and the samples viscosity, bulk elasticity
or relaxation time. On the other hand, tmax is roughly constant
with the impact velocity but varies from one sample to another.
We observe a small decrease at low impact velocity for samples
with relaxation time lower than the time of the experiment
(M14f8r8, M14f10r6, M14f8r6, M12f10r8 and WMf7a1.8).

The next section of the paper aims to predict the experi-
mental values obtained for dmax and tmax by rationalizing the
interplay between viscosity, and surface and bulk elasticity, for
the expansion dynamic.

4 Damped oscillator model
4.1 Equation of motion

A common method to correlate the maximal stretching ratio,
bmax, to the impact parameters is to balance inertia with the
energy contributions arising either from surface tension,24,29,30

bulk elasticity45,46 or both surface and bulk elasticity.14 Below,
we show that viscosity, surface tension and bulk elasticity are all
crucial to quantitatively account for our experimental data. We
write an energy balance equation for the expanding sheet after
impact that includes at all times the contributions of the kinetic
energy, EK, the surface energy, Eg, the bulk elastic energy, Ebulk,
and the biaxial extensional viscous dissipation energy, EB.

EK + Eg + Ebulk + EB = Constant (1)

All energy terms are computed below considering the limit
of large deformations (d c d0) and assuming that the sheet, at

all times, is a disk of diameter, d, and of uniform thickness,

hs.
47,48 From volume conservation, hs ¼

2d0
3

3d2
.

The kinetic energy, EK, reads

EK ¼
ðd=2
0

1

2
vr
2r2phsrdr ¼

mv2

4
(2)

with m, the mass of the drop, d, the diameter of the sheet at a

time t and vr ¼
2vr

d
, the Eulerian velocity field in the material

along r, the radial coordinate, where v is the velocity of the
expansion front. This velocity field has been found to describe
accurately the expansion dynamics of Newtonian fluids.10,49

The surface energy, Eg reads

Eg ¼
1

2
pgd2 (3)

The contribution of the disk edge to the surface energy is
neglected due to the large deformation limit considered here.

The bulk elastic energy, Ebulk, is approximated by the biaxial
extensional linear elastic deformation energy of a soft solid in
the limit of large deformation:14,45

Ebulk � VdropGeff
d

d0

� �2

(4)

with Vdrop ¼
pd03

6
, the volume of the drop and Geff, the relevant

shear elastic modulus of the sample, to be discussed in Section 4.2.
We assume that the unique source of dissipation is viscous

and originates from the biaxial extensional deformation of the
sheet.28 Indeed, dissipation due to shear is eliminated thanks
to the non-wetting and slip conditions achieved with the cold
Leidenfrost effect leaving biaxial extensional viscous dissipation as
the only remaining viscous contribution. The biaxial extensional

viscous dissipation energy, EB, reads: EB ¼
Ð tmax

0

Ð
VjdVdt. Here, j

is the dissipation function which reads j E ZB,eff _e2 with _e ¼ 1

d

@d

@t
,

the Hencky strain rate and ZB,eff, the relevant biaxial extensional
viscosity of the sample. In the following, we assume ZB,eff to be
constant with time for one given impact experiment (i.e. one given
sample and one given impact velocity)28 as discussed in Section 4.2.

EB � ZB;effp
d0

3

6

ðtmax

0

1

d

@d

@t

� �2

dt (5)

Inserting eqn (2)–(5) in the energy balance (eqn (1)) and
deriving the latter with respect to time, one obtains the equa-
tion of motion for a free expanding sheet:

€d þ cðdÞ
m

_d þ o2
0d ¼ 0 (6)

Eqn (6) is a nonlinear second order differential equation
that can be viewed as the equation of motion of a damped
harmonic oscillator with an angular frequency:

o0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8p
m

gþ d0Geff

3

� �s
(7)

Fig. 5 Normalized maximal expansion (a) and time at maximal expansion
(b) as a function of the impact velocity for all Newtonian and viscoelastic
samples, as indicated in the legend. The increasing viscosity of the two classes
of Newtonian samples are represented by shades of increasing darkness. The
error bars represent the standard deviation of three different experiments.
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and a non-constant viscous damping coefficient which decreases
through the expansion, as d increases.

cðdÞ ¼
4pd03ZB;eff

3

1

d2
(8)

In the absence of viscous dissipation (c = 0) we retrieve the
1D undamped harmonic oscillator equation successfully used
to model the expansion dynamics of sheets produced with

various materials, with o0
2 ¼ 8pg

m
for Newtonian fluids of low

viscosity26 (in that case Geff = 0), o0
2 ¼ 8pd0Geff

3m
for elastic

beads45 and o0
2 ¼ 8p

m
gþ d0Geff

3

� �
for ultrasoft elastic beads.14

When viscous dissipation is not negligible, the relevant rheo-
logical parameters to consider are less straightforward, and are
discussed below.

4.2 Discussion on the relevant rheological parameters

When viscous dissipation is not negligible, c a 0 is propor-
tional to the biaxial extensional viscosity ZB,eff. In the case of
Newtonian fluids (Geff = 0), ZB,eff = 6Z0, the zero-shear viscosity
multiplied by the Trouton ratio.28,50 The Newtonian sample
biaxial extensional viscosities thus range from 6 to 4880 mPa s
for mixtures of glycerol and water and from 30 to 5820 mPa s
for silicone oil blends. For the Maxwell fluids, the approach is
less straightforward as the biaxial extensional viscosity, but also
the elastic modulus, are expected to be time-dependent to
account for the samples viscoelasticity.13 Hence, we need to
estimate Geff and ZB,eff at the relevant frequency. As a first order
approach, the relevant frequency can be estimated as the Hencky
strain rate, _e, undergone by the sheet during its expansion. The
Hencky strain rate is non-stationary and vanishes at maximal
expansion as illustrated in Fig. 6a for one sample (M14f8r9)
impacted at different velocities. We choose as characteristic
frequency the mean value of _e averaged over the duration of the

expansion regime: �_e ¼
Ð tmax

0
_edt

tmax
. The mean values are plotted in

Fig. 6b as a function of the impact velocity for all viscoelastic
samples. We measure that �_e ranges between 194 and 516 s�1

corresponding to Weissenberg number, Wi ¼ �_et, values from 0.3
to 68.9. We find that �_e varies almost linearly with v0, with a sample-
dependent proportionality constant. In the following, for Maxwell
fluids, the relevant shear elastic modulus, Geff, is taken as the elastic
part, G0, of the complex modulus, G*, at the relevant frequency:

Geff ¼ G0 �_e
� �
¼ G0

t�_e
� �2

1þ t�_e
� �2 (9)

Similarly, the biaxial extensional viscosity for viscoelastic
fluids at the relevant strain rate is evaluated using the viscous
part, G00, of the complex modulus, G*, and assuming the same
Trouton ratio as for the Newtonian fluids:

ZB;eff ¼ 6
G00 �_e
� �
�_e
¼ 6G0

t

1þ t�_e
� �2 (10)

4.3 Approximate analytical solution and comparison with
experiments

Eqn (6) is not analytically solvable. Therefore, we propose
to solve the problem analytically for two limits of the

damping coefficient: (i) c � cmin ¼ c dmaxð Þ ¼ 4ZBpd0
3

3dmax
2

and (ii)

c � cmax ¼ c d0ð Þ ¼
4ZBpd0

3
. In these two cases, the equation of

motion of the free sheet (eqn (6)) reduces to a simple damped
harmonic oscillator model with a constant damping factor.
Using cmax, we overestimate the effect of the viscous drag and
using cmin, we underestimate it. We check that all our samples

verify the condition
c

2m
oo0

2 which corresponds to the under-

damped regime of the harmonic oscillator. In this regime, the
solution of eqn (6) is

dðtÞ ¼ Ce�
c
2m

t cos odt� Fð Þ (11)

The parameters od ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o0

2 � c

2m

� �2r
, C ¼ d0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2v0

d0od
þ c

2mod

� �2

þ1

s
and F ¼ tan�1

2v0

d0od
þ c

2mod

� �
are

obtained from the initial conditions, d(0) = d0 and
:
d(0) = 2v0

(see ESI†).

Fig. 6 (a) Time evolution of the Hencky strain rate during the sheet
expansion for the sample M14f8r9 at different impact velocities, v0, as
indicated in the legend. (b) Strain rate averaged over time as a function of
v0 for all viscoelastic samples. Error bars represent the standard deviation
of three different experiments.
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The maximum of d gives the theoretical time at maximal
expansion which allows one to obtain the analytic equations,
tmax,a and dmax,a.

tmax;a ¼
1

od
arctan

2v0od

d0od
2 þ cv0

m
þ d0c

2

4m2

0
BB@

1
CCA (12)

dmax;a ¼ Ae�
c
2m

tmax;a cos odtmax;a � F
� �

(13)

In order to validate the present model, the analytical approx-
imate predictions of the maximal diameter, dmax,a and the time
at maximal expansion, tmax,a are compared with the experi-
mental results. Fig. 7 shows the experimental values for dmax

and tmax plotted against the theoretical ones when using the
relevant parameters of the drops in the underdamped harmo-
nic oscillator model approximation (eqn (12) and (13)). In
Fig. 7(a and b) the dissipation is evaluated with c = cmin and
in Fig. 7(c and d) with c = cmax. Lines representing x = y allow
one to judge more easily the quality of the analytical approxi-
mation of the model. The agreement between the under-
damped harmonic oscillator model and the experimental data
is good (relative error of approximately 30%). As expected, when
the viscous dissipation is underestimated (c = cmin), respectively
overestimated (c = cmax), overall the analytical predictions are
larger (respectively smaller) than the experimental values and
the data points are all below (respectively above) the lines dmax,a =
dmax,exp and tmax,a = tmax,exp.

4.4 Numerical resolution and comparison with experiments

To refine the prediction and better account for the competition
between non-stationary elasticity, viscous dissipation and
capillarity, we solve eqn (6) numerically. Fig. 8 shows the

experimental data against the theoretical predictions after
numerical resolution. The results agree well with the prediction
for dmax as well as for tmax considering that no adjustable
parameters are used to determine theoretical predictions. We
can predict dmax and tmax with a relative error of approximately
25% for Newtonian fluids with biaxial extensional viscosities
varying over three order of magnitude and viscoelastic samples
spanning a large range of elastic moduli, characteristic relaxation
times and viscosities. Despite the fact that we investigate New-
tonian samples of high viscosity and viscoelastic fluids, we find
comparable relative error as previous works focusing on low
viscosities Newtonian fluids impacted in similar conditions.
Indeed, a relative error of 20%, at best, has been found when
comparing experimental maximal expansion of Newtonian fluids
of low viscosities impacted on a repellent surface51 to theoretical
predictions using analytical, empirical, and scale relations52,53 as
well as dynamical models.54–56

Furthermore, the dynamics of expansion of the sheets can
be relatively well described from only two parameters, tmax and
dmax. Fig. 9 shows, for four representative samples, the evolution
of the experimental diameter (symbols) along with its numerical
prediction using eqn (6) (lines) normalized by their maximal
values, as a function of the time normalized by tmax. In the
expansion regime, a maximal error of 5% is found between the
normalized experimental data and the corresponding normalized
theoretical predictions. Much larger deviations can be observed
in the receding regime as different complex phenomena such as

Fig. 7 Experimental dmax (a and c) and tmax (b and d) as a function of their
respective theoretical predictions using the damped harmonic oscillator
assumption with an underestimation (cmin, a and b) or overestimation
(cmax, c and d) of the damping coefficient for all samples. The lines
represent x = y.

Fig. 8 Experimental (a) dmax, and (b) tmax as a function of their respective
theoretical predictions using numerical resolution of eqn (6) for all samples.
The lines represent x = y.

Soft Matter Paper

Pu
bl

is
he

d 
on

 1
9 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

on
tp

el
lie

r 
on

 9
/6

/2
02

1 
5:

06
:2

5 
PM

. 

View Article Online

96
Chapter 4. Viscoelasticity and elastocapillarity effects in the impact of drops

on a repellent surface



5836 |  Soft Matter, 2021, 17, 5829–5837 This journal is © The Royal Society of Chemistry 2021

the loss of axisymmetry, expulsion of secondary droplets or
pinning due to the cold surface, which are not taken into account
in our rationalization, could occur.

5 Conclusion

Drop impact experiments on repellent surfaces have been per-
formed with Newtonian and Maxwell fluids. Maxwell fluids have
been carefully chosen to display a wide range of relaxation times,
shorter, comparable or much larger than the typical experimental
time, allowing us to investigate the roles of viscosity, bulk elasticity
and capillarity in the expansion dynamics of fluid sheets. We have
used a cold Leidenfrost effect-based set-up so that the dominant
source of viscous dissipation is the biaxial extensional deformation
of the sheet. We have provided a systematic study of the effect of
the impact velocity on the maximum diameter of the expanding
sheet, and the time at which maximum expansion is reached. The
expansion dynamics could be successfully modeled by a nonlinear
damped harmonic oscillator model, where the damping coefficient
decreases during the expansion and is proportional to the biaxial
extensional dynamic viscosity, and the undamped angular fre-
quency of the oscillator results from a simple combination of
the surface tension and the dynamic modulus of the sample. For
the viscoelastic samples, we have proposed to take as dynamic
viscosity and dynamic modulus the viscosity and elastic modulus
at a characteristic rate equal to the mean Hencky strain rate of the
sheet in the expansion regime. The numerical prediction for the
maximal expansion diameter, dmax, and the time to reach maximal
expansion, tmax, agree quantitatively well with the experimental
results, without adjustable parameters. Our approach is simple but
quite general and we believe it could successfully be applied to
more complex viscoelastic materials, of relevance for applications.
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2020, 16, 7270–7273.

33 S. Lin, B. Zhao, S. Zou, J. Guo, Z. Wei and L. Chen, J. Colloid
Interface Sci., 2018, 516, 86–97.
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Additional considerations on the relevant rheological pa-
rameters

In this section, we discuss the relevance of the rheological parameters considered in
section 4.2 of the previous paper by solving the equation of motion for a free expanding
sheet (equation 6 of the paper) for four different cases.

• Dynamic elastic modulus with viscous dissipation : Geff = G′ (¯̇ε) and ηB,eff = 6
G′′(¯̇ε)

¯̇ε

• Dynamic elastic modulus no viscous dissipation : Geff = G′ (¯̇ε) and ηB,eff = 0

• Static elastic modulus with viscous dissipation : Geff = G0 and ηB,eff = 6η0

• Static elastic modulus no viscous dissipation : Geff = G0 and ηB,eff = 0

The first case is the situation adopted in the paper. In the dynamic cases, we take into
account the fact that the sheet expansion is a dynamic process and thus the rheological
parameters of viscoelastic fluids must be assessed at the relevant frequency, ¯̇ε. In the
static cases, the dynamic character of the experiment is overlooked, and the rheological
parameters are taken as a biaxial viscosity equal to 6 times the zero-shear viscosity, η0,
and an elastic modulus equal to the plateau modulus, G0. Additionally, in both the
dynamic and static cases, we consider the repercussion of neglecting the biaxial extensional
dissipation.

The experimental values against the theoretical expectations for the maximal diameter,
dmax and for the time at maximal expansion tmax for the different cases are represented in
Figures 4.1 and 4.2, respectively.

Comparing Figures 4.1.a) and 4.2.a) with Figures 4.1.b) and 4.2.b) shows that not
taking the dissipation into account in the dynamic case, does not drastically change the
predictions for dmax and tmax for the viscoelastic fluids. By contrast, the behavior of very
viscous Newtonian fluids is not well described anymore.

On the other hand, using the static value for elasticity, G0, while neglecting the viscous
dissipation does not change much the predictions for dmax and worsens the predictions for
tmax, as it can be deduced from comparing Figures 4.1.b) and 4.2.b) with Figures 4.1.d)
and 4.2.d).

In Figures 4.1.c) and 4.2.c), using 6η0 to account for the viscous dissipation, while
using G0 for the elasticity, gives very poor predictions for the viscoelastic samples for
which the relaxation times are larger than or comparable to the characteristic time of the
experiment.

To conclude, we have shown here that taking into account both the dissipation and
the dynamic nature of the sheet expansion resulting from the drop impact in our damped
harmonic oscillator model is crucial to accurately predict dmax and tmax for Maxwell fluids
with a large range of elastic moduli and relaxation times, and very viscous Newtonian
fluids.
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Figure 4.1: Experimental dmax as a function of the theoretical prediction for the different
cases as indicated on the graphs.
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Chapter 5

Biaxial extensional and shear viscous
dissipation during the expansion of

fluid sheets
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In this chapter, the dynamics of expanding sheets produced by the impact of drops of
Newtonian and rheo-thinning fluids on targets of different sizes is investigated. We assess
the competition between biaxial extensional and shear viscous dissipation on the targets
by measuring the maximum expansion diameter of the sheet as a function of the relevant
viscosity. Additionally, we show that the rheo-thinning nature of the samples must be
taken into account to successfully predict the maximal expansion of the sheet.

5.1 Introduction

The non-wetting and slip conditions provided by the cold Leidenfrost phenomenon in
Chapter 4 are rarely achieved in real life situations, yielding more complex dissipation
processes. A more realistic configuration is obtained by performing the impact on plane
solid surfaces. Drop impact on solid surface with size much larger than the sheet’s maximal
diameter was extensively studied [Josserand 2016]. Here, we perform instead impacts on
a target with a size comparable to the size of the drop [Rozhkov 2002]. This situation, for
instance, mimics the process of ink jet printing, which projects ink drops whose diameters
compare to the typical roughness size of the paper. When the drop impacts the target,
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the sheet expanding in the air is free from the viscous no-slip boundary condition at the
solid substrate and undergoes biaxial extensional viscous dissipation as in the previous
cold Leidenfrost conditions. The part of the sheet remaining on the target, however, must
satisfy the no-slip condition and thus is also subjected to shear-induced dissipation. The
competition between shear and biaxial extensional viscous dissipation in the expansion
dynamics of Newtonian and rheo-thinning liquid sheets is the subject of this chapter.
We investigate both Newtonian and rheo-thinning fluids. Rheo-thinning fluids are fluids
whose viscosity decreases at higher deformation rates. They are used in many applications
as their thinning behavior facilitates their processability. In section 5.2, the competition
between shear and biaxial extensional viscous dissipation is evaluated for a fixed target to
drop ratio. Section 5.3 explores the situation in which the shear dissipation is continuously
tuned by varying the target to drop ratio.

5.2 Competition between shear and biaxial extensional
viscous dissipation in the expansion dynamics of
Newtonian and rheo-thinning liquid sheets

In this section, we report the paper Competition between shear and biaxial extensional
viscous dissipation in the expansion dynamics of Newtonian and rheo-thinning liquid sheets,
A. Louhichi∗, C-A. Charles∗, S. Arora, L. Bouteiller, D. Vlassopoulos, L. Ramos and C.
Ligoure, Physics of Fluids, 33 (7), 073109, 2021, in which the dissipation mechanisms
emerging from the impact of drops of Newtonian and rheo-thinning fluids on a small
cylindrical target are identified and quantitatively evaluated.

∗ These two authors contributed equally to this work.
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ABSTRACT

When a drop of fluid hits a small solid target of comparable size, it expands radially until reaching a maximum diameter and subsequently
recedes. In this work, we show that the expansion process of liquid sheets is controlled by a combination of shear (on the target) and biaxial
extensional (in the air) deformations. We propose an approach toward a rational description of the phenomenon for Newtonian and
viscoelastic fluids by evaluating the viscous dissipation due to shear and extensional deformations, yielding a prediction of the maximum
expansion factor of the sheet as a function of the relevant viscosity. For Newtonian systems, biaxial extensional and shear viscous dissipation
are of the same order of magnitude. On the contrary, for thinning solutions of supramolecular polymers, shear dissipation is negligible
compared to biaxial extensional dissipation and the biaxial thinning extensional viscosity is the appropriate quantity to describe the
maximum expansion of the sheets. Moreover, we show that the rate-dependent biaxial extensional viscosities deduced from drop impact
experiments are in good quantitative agreement with previous experimental data and theoretical predictions for various viscoelastic liquids.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057316

I. INTRODUCTION

Drop impact process on solid surfaces is an extremely active
research area because of the development of high-speed imaging tech-
nology,1 and its implication in many industrial applications, such as
the impact of pesticide drops on plant leaves2 or in inkjet printing.3

We can distinguish two main experimental configurations. On
the one hand, drops are impacted on a flat solid surface with a size
much larger than the drop size, in a way that the whole expansion
event occurs on the target.4–10 The sheet spreads thus in intimate con-
tact with a uniform surface. Hence, viscous dissipation is mainly
shear-induced. In that case, it has been reported that the shear
rate-dependent viscosity is the pertinent parameter to describe the
dissipation process in the expansion dynamics of non-Newtonian flu-
ids.8,10–14 Note, however, that the retraction dynamics was suggested

to be dominated by the nonlinear extensional viscosity for a drop of
fluid containing polymer additives.15

The other distinguishable configuration, albeit sparsely studied,
involved impacting drops on repellent surfaces where there is no con-
tact with the surface, hence eliminating shear dissipation. Such surfa-
ces may include superhydrophobic surfaces,16–19 hot plates above the
Leidenfrost temperature,20,21 and, more recently, cold plates covered
with liquid nitrogen to exploit the cold Leidenfrost effect.22–25 We
have demonstrated elsewhere24 that, in the so-called viscous regime,
biaxial extensional dissipation dominates the sheet dynamics produced
using the cold Leidenfrost effect.

Nature and pertinent industrial problems are more complex than
the above two extreme cases. Hence, we may consider a third scenario,
where drops impact a solid target of size comparable to that of the

Phys. Fluids 33, 073109 (2021); doi: 10.1063/5.0057316 33, 073109-1
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drop. In this case, a part of the expanding sheet is in contact with the
target surface and the other part is expanding freely in the air, which,
depending on the sample viscosity, may be the largest part of the
sheet.26–36 Although the situation of impacting drops on small targets
was originally conceived to reduce the friction dissipation,26 it turns
out that it actually highlights the competition between shear dissipa-
tion (on the target) and biaxial extensional dissipation (in the air). In
this work, we assess this competition by evaluating both dissipations
(shear and biaxial extensional) for Newtonian and rheologically thin-
ning non-Newtonian fluids. We show that, for Newtonian fluids, the
shear and biaxial extensional dissipations are of the same order of
magnitude. However, for the non-Newtonian thinning samples, the
biaxial extensional dissipation is found to control the sheet expansion
dynamics. We compare our data with experimental measurements of
biaxial extensional viscosity of thinning fluids24,37,38 and model semi-
quantitatively the sheet expansion dynamics using a biaxial extensional
thinning viscosity.

II. MATERIALS AND METHODS
A. Materials

1. Newtonian fluids

We investigate two classes of Newtonian fluids, silicone oils, and
mixtures of water and glycerol. Silicone oils, with zero-shear-rate vis-
cosities from 4.5 to 339 mPa s, an average surface tension of
20mN/m,39 and densities ranging from 0.913 to 0.97 g/mL, are pur-
chased from Sigma-Aldrich and used as received. Glycerol/water mix-
tures with concentrations ranging from 22 to 100% g/g glycerol are
used, yielding zero-shear rate viscosities from 1.7 to 1910 mPa s, densi-
ties from 1.05 to 1.25 g/mL,40 and an average surface tension of
65mN/m (as measured with a pendant drop setup).

2. Non-Newtonian fluids

As non-Newtonian system, we choose wormlike micellar solu-
tions (WLM) made of 2,4-bis(2-ethylhexylureido)toluene, abbreviated
as EHUT, dispersed in dodecane. This monomer has the ability to
self-associate by means of hydrogen bonding in an apolar solvent
(dodecane) forming supramolecular polymers.41–47 As schematically
shown in Fig. 1, EHUT molecules self-assemble into small and long
rod-like structures whose cross section is solvent- and temperature-
dependent. Above critical concentration and temperature, the mono-
mers self-assemble into thin filaments with a diameter (1.3 nm) com-
parable to the size of one EHUT monomer. At lower temperatures,
thick tubes with a cross section equivalent to about three EHUT
monomers form. In this work, we investigate samples in the tube
region of the phase diagram, in the temperature range between 20 �C
and 25 �C, and concentration range from C¼ 0.37 to C¼ 3 g/L, where
the tubes are long enough to entangle, allowing us, hence, to explore a
wide range of viscoelastic properties. Although this phase diagram is
made for EHUT supramolecular assemblies formed in toluene,
Fourier transform infrared spectroscopy (FTIR), small-angle neutron
scattering (SANS), and rheology studies confirm that the range of tem-
peratures and concentrations investigated here also corresponds to the
tube region of the EHUT assemblies formed in dodecane.43–45 The
surface tension for EHUT solutions is assumed to be independent of
concentration. We take C ¼ 256 2 mNm�1 as measured with a pen-
dant drop experiment for a dilute sample (C¼ 0.37 g/L). The density

of the EHUT solutions is assumed to be equal to the density of the sol-
vent, q ¼ 0.75 g/mL.

B. Methods

1. Solution rheology

Linear and nonlinear shear rheology measurements are per-
formed with an MCR501 stress-controlled rheometer (Anton Paar,
Austria), operating in the strain control mode and equipped with a
stainless-steel cylindrical Couette geometry. Temperature control
(6 0:2 �C) is achieved by means of a Peltier element.

For Newtonian and non-Newtonian samples, the zero-shear-rate
viscosity, g0, is measured by applying a ramp of steady shear rate vary-
ing from 0.01 to 1000 s�1.

For EHUT solutions, the linear viscoelastic spectra are obtained
by applying a small-amplitude sinusoidal strain (c ¼ 10%) with vary-
ing angular frequency, x, from 100 to 0.01 rad/s, and measuring the
storage, G0ðxÞ, and loss, G00ðxÞ, moduli. The complex viscosity is also
calculated from the linear viscoelastic spectra as jg?ðxÞj

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðG02ðxÞþG02ðxÞÞ
p

x . All experiments are performed in open air without
any particular humidity precaution (the relative humidity is about
40%). Since hydrogen bonding systems such as EHUT self-assemblies
are very sensitive to humidity,48,49 and because we do not control the
drop impact environmental conditions, we ensure that both bulk rhe-
ology and drop impact experiments are conducted under the same
temperature and humidity conditions.

2. Drop impact experiment

To study the competition between shear and biaxial extensional
viscous dissipations, two drop impact experimental setups are used.

FIG. 1. Phase diagram for EHUT solutions in toluene43 showing the transition
between monomers and supramolecular filaments. The structure of the EHUT
monomer is shown, along with a schematic illustration of the various aggregates
formed (out of scale), that is, filaments and tubes. Hydrogen bonds are represented
by dotted lines connecting the urea functions (black and gray circles).
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The main setup based on the impact on a small cylindrical target was
originally designed by Vignes-Adler et al.26 and subsequently modified
by several groups.30,31,50 We use the same setup as in,31,32 schemati-
cally shown in Fig. 2(a). In brief, a hydrophilic glass target of diameter
dT ¼ 6:5 mm is fixed on top of an aluminum rod with the same diam-
eter. The liquid is injected from a syringe pump with a flow rate of
1ml/min through a needle placed vertically above the target. The
initial diameter of the falling drop is constant, d0 ¼ 3:9 6 0.2mm,
as measured by image analysis and by weighting the drops. Note
that, considering the difference in fluids’ surface tensions, we have
adapted the needle diameter to produce a constant drop diameter
(a needle with a diameter of 2mm for fluids with a surface tension
of 65mN/m and a needle diameter of 4mm for fluids with
C¼ 20–25mN/m). The drop falls from a height h¼ 91 cm, yielding
an impact velocity v0 ¼

ffiffiffiffiffiffiffi
2gh

p
¼ 4:2 m s�1 (g is the acceleration of

gravity). The corresponding Weber numbers, We ¼ v20qd0
C , are We

�1200 for glycerol/water mixtures, We �3400 for silicone oils, and
We �2400 for EHUT-based samples. The target is mounted on a
transparent Plexiglas plate, illuminated from below by a high-
luminosity backlight (Phlox LLUB, luminance of 20 cd/m2). The
drop impact is recorded from the top using a high-speed camera
(Phantom V 7:3) operating at 6700 frames/s with a resolution of
800� 600 pixels2. The angle between the camera axis and the hori-
zontal plane is fixed at about 10�.

Additional experiments are performed with Newtonian fluids
under cold Leidenfrost conditions.22 The relevant setup is described
elsewhere24 and schematized in Fig. 2(b). In brief, the drop maintained
at room temperature impacts a smooth surface (polished silicon wafer
or quartz slide with a diameter larger than the maximum sheet diame-
ter) covered with a thin layer of liquid nitrogen (temperature
T¼�196 �C). Upon impact, a vapor cushion forms at the liquid inter-
face due to the evaporation of N2, providing a unique scenario of
non-wetting and slip conditions that eliminates shear viscous dissipa-
tion.22,51 Details on the heat transfer involved in the impact of drops
in cold Leidenfrost conditions have been reported elsewhere,25 and it
does not change significantly the temperature of the drops during the
expansion phase of the sheet.

3. Image analysis

The time evolution of the diameter of the sheet is measured with
ImageJ software. We first subtract the background image from the
expansion movie and highlight the rim by a binary thresholding. This
allows us to determine the contour of the sheet and measure its area A.
An apparent sheet diameter is simply deduced as: d ¼

ffiffiffiffi
4A
p

q
. The

results are obtained by averaging for each sample the time evolution of
the sheet diameter from three different experiments. Note that for the
small target setup, the dark black central disk is the target and pre-
cludes to study the expansion of sheets that do not cross the edge of
the target. For the cold Leidenfrost setup, in addition to the top view
images, systematic side view images are also collected, though not
shown here, to correct the maximum expansion diameter for the
corona effect observed for the low viscosity samples (viscosity smaller
than 100 mPa s), as detailed in Ref. 24.

III. RESULTS AND DISCUSSION
A. Newtonian fluids

1. Drop impact experiments

Once hitting the target, the drop spreads first on the target and
then expands freely in the air until reaching a maximum expansion. It
then retracts because of surface tension and eventually bulk elasticity
for non-Newtonian fluids (representative videos of the impact process
are available in the multimedia). This general phenomenology has
been observed for many types of fluids impacting a small solid tar-
get.26,30–32,34,50,52 The overall behavior is illustrated in Fig. 3

FIG. 2. (a) Schematic illustration of the main experimental setup configuration, con-
sisting of a drop impacting a small solid target as described in the text. (b)
Schematic illustration of the second experimental setup showing a drop falling on a
liquid nitrogen thin layer. The expansion event is recorded using two fast cameras
allowing concomitant top and side visualizations.

FIG. 3. Snapshots taken at different times (as indicated on each image) during the
expansion of the sheet for a glycerol/water mixture with a viscosity g0 ¼ 160 mPa
s produced upon impact on a solid target with a diameter dT ¼ 6:5 mm. The maxi-
mum expansion occurs at tMax ¼ 3:58 ms. The black area represents the surface
of the target. Video of a drop of glycerol and water mixture (160 mPa s) impacting
on a target of diameter 6.5 mm at an impact velocity of 4.2 m/s. The impact was
filmed with a high-speed camera operating at 6700 fps and has been slowed down
200 times for the videos. Multimedia view: https://doi.org/10.1063/5.0057316.1
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(Multimedia view) that depicts snapshots of the drop after its impact
for a Newtonian sample (glycerol/water) with g0 ¼ 1606 10 mPa s at
different times. In the bottom right of Fig. 3, we show the correspond-
ing time evolution of the effective sheet diameter, d, where the expan-
sion and retraction regimes can be clearly determined (we choose for
the origin of time, the time when the drop hits the target). Similarly, in
Fig. 4 (Multimedia view), we present snapshots for the same
Newtonian sample at different times, when it expands and retracts
under cold Leidenfrost conditions obtained by impacting a drop on a
thin layer of liquid N2. The origin of time is set when the droplet starts
expanding on the nitrogen vapor cushion.

Despite qualitatively similar behavior, we find that, for a same
sample and a same impact velocity, the maximum expansion diameter
of the sheet, dMax, is significantly larger under cold Leidenfrost condi-
tions (dMax ¼ 34:6 mm) than with the small target (dMax ¼ 12:9
mm). When the expansion results from the impact on the target, only
the inner portion of the sheet is at intimate contact with the target sur-
face, while its outer part is free in the air, resulting in a combination of
two potential sources of viscous dissipation: shear on the target and
biaxial extensional everywhere but predominantly in air. The situation
is less complex when the sheet is produced under cold Leidenfrost
conditions because the sheet is expanding on the liquid nitrogen
vapor, ensuring biaxial extensional deformation as the unique source
of viscous dissipation.24

The cold Leidenfrost conditions allow also the observation of the
sheet central region, usually obscured by the target. It is worth noting

the occurrence of a thicker rim for the sheet when impacted on the tar-
get and, on the other hand, the appearance of a larger number of better
defined fingers instabilities under cold Leidenfrost conditions.
However, we will not discuss further these two interesting features,
which are out of the scope of this work. Moreover, in the rest of the
paper, we will focus on the sheets expansion dynamics up to their
maximum expansion and not consider the retraction regime.

In order to follow the expansion dynamics of different samples,
we focus on the maximum expansion diameter dMax. We use a nor-
malized maximum expansion diameter, ~d , adopting the same defini-
tion as in Refs. 24 and 32:

~d ¼ dMax

dcapMax

: (1)

Here, dMax is the maximum diameter of the sheet and dcapMax is the
maximum expansion diameter in the capillary regime (at low viscos-
ity), where viscous dissipation does not reduce significantly the maxi-
mum expansion diameter. This normalized quantity allows us to
compare drops with different initial diameters d0 and different surface
tensions. In addition, to account for the variation of surface tensions
among samples, the data are plotted against the dimensionless zero-
shear-rate Ohnesorge number, which expresses the ratio of viscous
forces to inertial and surface tension forces: Oh0 ¼ g0ffiffiffiffiffiffiffiffi

qCd0
p , with q the

sample density, C the surface tension, and g0 the zero-shear-rate
viscosity. Results for different Newtonian fluids obtained using two
experimental conditions (target and cold Leidenfrost) are presented in
Fig. 5. Note that, for the more viscous glycerol/water mixtures
(g0 > 200 mPa s), experiments on the solid target are not shown
because the maximum expansion diameter is smaller than the target
diameter itself. We find two regimes for both experimental configura-
tions. The capillary regime where the dynamics is independent of
viscosity resulting in a constant ~d � 1, and the viscous regime, where

FIG. 4. Snapshots taken at different times (as indicated on each image) during the
expansion of the sheet for a glycerol/water mixture with a viscosity g0 ¼ 160 mPa
s produced upon impact under cold Leidenfrost conditions. The maximum expan-
sion occurs at tMax ¼ 7:31 ms. Video of a drop of glycerol and water mixture (160
mPa s) impacting on liquid nitrogen at an impact velocity of 4.2 m/s and video of a
drop of EHUT solution (C¼ 0.37 g/L) impacting a target of diameter 6.5 mm at an
impact velocity of 4.2 m/s. The impact was filmed with a high-speed camera operat-
ing at 6700 fps and has been slowed down 200 times for the videos. Multimedia
view: https://doi.org/10.1063/5.0057316.2

FIG. 5. Normalized maximum expansion as a function of the zero-shear-rate
Ohnesorge number, Oh0, for the two classes of Newtonian samples, as indicated in
the legend, and for the two experimental configurations: small solid target (purple
symbols) and cold Leidenfrost conditions (green symbols). Dotted lines indicate the
onset of the viscous regime for each configuration. For the Newtonian samples
(glycerol/water) presented in Figs. 3 and 4, Oh0 ¼ 0:31.
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~d decreases with increasing viscosity. Importantly, the transition from
capillary to viscous regime occurs at a larger Oh0 number (higher vis-
cosity) for the sheets produced under cold Leidenfrost conditions
(Oh0 � 0:6) compared to those produced by the impact on a target
(Oh0 � 0:2). This implies that viscous dissipation is more important
with the target setup than with the cold Leidenfrost setup, as exempli-
fied by comparing the expansion dynamics of the Newtonian sample
presented in Figs. 3 and 4.

In addition, Fig. 5 confirms the fact that even in the absence of
friction on a solid surface, a dissipation regime exists resulting in the
decrease in ~d with Oh0. In this configuration, the deformation of the
sheet is biaxial extensional.24 The dissipation on a small solid target is
by contrast more complex because it results from the contact with a
solid surface and from free expansion in the air (similar to that under
cold Leidenfrost conditions). Thus, in Sec. IIIA 2, we will analyze the
contribution of each dissipation mechanism to the expansion dynam-
ics of a Newtonian drop impacting a small solid surface.

2. Viscous dissipation processes

a. Shear dissipation energy. To estimate the shear dissipation
energy, we first define the shear rate experienced by the sheet during
its expansion on the small solid target. We approximate the expanding
sheet by a disk. The shear flow velocity field on the target53,54 reads

vr ¼
2
RH

dR
dt

rz ðradialÞ;

vz ¼
�2
RH

dR
dt

z2 ðaxialÞ;

8>>>><
>>>>:

(2)

where RðtÞ ¼ dðtÞ
2 is the radius of the expanding sheet, r denotes the

radial direction, z denotes the axial direction, and HðtÞ ¼ d30
6RðtÞ2 is the

mean thickness of the expanding sheet in the disk shape approxima-
tion with d0 the drop diameter. The instantaneous shear rate reads

_c ¼ 1
2

@vr
@z
þ @vz
@r

� �
¼ 1

RH
dR
dt

r: (3)

The viscous shear energy dissipated, ES, during the sheet expan-
sion process can be written as

ES �
ðtMax

0

ð
V
rS _cdVdt; (4)

where V denotes the sheared volume and rS is the shear stress. During
the expansion of the drop sheet, the viscous boundary layer thickness,

dðtÞ ¼ a
ffiffiffiffiffi
gSt
q

q
(a is an unknown prefactor and gS ¼ g0 is the shear vis-

cosity), which quantifies the thickness of the sheet that is actually
sheared.32,55,56 At a short time, d < H, but the viscous boundary layer
grows with time, while the film thickness, H(t), decreases. Hence, at
some time d exceeds H and the relevant thickness to be considered is
H and not d anymore.

For simplicity, here, we consider the two limits for the viscous
shear energy: (i) ES;H, where the relevant thickness for the sheared vol-
ume is H(t); and (ii) ES;d, where the relevant thickness for the sheared
volume is dðtÞ. ES;H reads

ES;H ¼
ðtmax

0
dt
ðdT=2
0

gS _c22prHdr

¼ 3pgSd
4
T

16d30

ðtmax

0

dR
dt

� �2

dt: (5)

With the approximations
Ð tmax

0 ðdRdt Þ
2dt � tmaxhðdRdt Þ

2i; tmax � dmax
v0
,

and dmax � d0; ES;H reads

ES;H �
3pgSd

4
Tv0

64d30
dmax: (6)

On the other hand, ES;d reads

ES;d ¼
ðtmax

0
dt
ðdT=2
0

gS _c22prddr

¼ 9pag3=2S d4T
8
ffiffiffi
q
p

d60

ðtmax

0
R2 dR

dt

� �2

t1=2dt : (7)

With the approximations
Ð tmax

0 R2ðdRdt Þ
2t1=2dt � tmax

1
4

dR2

dt

� �2� �
ht1=2i; tmax � dmax

v0
, and dmax � d0; ES;d reads

ES;d �
3pag3=2S d4Tv

1=2
0

256
ffiffiffi
q
p

d5=20

dmax

d0

� �7=2

: (8)

b. Biaxial extensional dissipation energy. A typical example of a
biaxial extensional flow is the compression of a sample sandwiched
between two (continuously) lubricated surfaces.57 The biaxial viscosity
is defined as gB ¼ rrr�rzz

_e , where _e is the strain rate, and rrr and rzz are
the stress tensor components in cylindrical coordinates.57 The stress
tensor difference rrr � rzz is commonly expressed as the biaxial stress
rB. Hence, the biaxial viscosity reads gB ¼ rB

_e . For a Newtonian fluid,
gB ¼ 6gS.

57

The biaxial extensional energy, EB, dissipated during the expan-
sion of the sheet can be written as24

EB ¼
ðtmax

0
dt
ð
V
rB _edV

� gB
pd30
6

ðtmax

0

1
d
@d
@t

� �2

dt

� gB
pd30
6

tmax
@ ln ðdÞ
@t

� �2
* +

¼ gB
pv0d30
6

ln2
dmax

d0

� �
dmax

; (9)

where _e ¼ 1
d
@d
@t is the biaxial extensional strain rate.

c. Comparison between shear and biaxial extensional viscous
dissipations. In order to assess the respective roles of viscous dissipa-
tion due to shear and biaxial extensional deformations during the
expansion of a drop, we compare in Fig. 6 the variations of the biaxial
extensional viscous energy EB [Eq. (9)] with the two limits for the
shear viscous dissipation energy ES;H [Eq. (6)] [Fig. 6(a)] and ES;d
[Eq. (8)] [Fig. 6(b)]. The dissipation energies have been normalized by
the initial kinetic energy of the drop EK ¼ 1

2mv20, with m the mass of
the drop, and plotted as a function of the zero-shear rate Ohnesorge
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number, Oh0. We find that ES;H and ES;d exhibit power law evolution
with the viscosity, which mirrors their explicit dependence with
g0; ES;H � g0 [Eq. (6)] and ES;d � g3=20 [Eq. (8)], reflecting the fact
that the dependence of dMax with viscosity is much weaker. This is also
the case for EB, which increases as a power law with g0; EB � g0 [Eq.
(9)], since gB¼ 6 g0 for Newtonian fluids.

Moreover, ES;d and ES;H are of the same order of magnitude.
Hence, for convenience, we choose the simplest one, ES;H for further
discussion on the competition between shear and biaxial extensional
viscous dissipation. From Eqs. (6) and (9), we can compute the ratio of
the two sources of viscous dissipation energy as

EB
ES
¼ 64

3
d0
dMax

� �2 d0
dT

� �4

ln2
dmax

d0

� �
: (10)

This ratio strongly depends on the drop-to-target size ratio, d0dT. It
does not depend explicitly on g0, but indirectly because of the depen-
dence of the maximal expansion diameter on the sample viscosity.
Furthermore, as evidenced by the superposition of ES;H=EK and
EB=EK in Fig. 6, EB

ES;H
is close to one and, as expected, depends only

weakly on g0.

B. Viscoelastic supramolecular polymers

In this section, we present the results for non-Newtonian fluids.
In contrast to their Newtonian counterparts, these samples have shear
and biaxial extensional viscosities that depend on the applied deforma-
tion rate.

1. Viscoelasticity

Figure 7(a) shows the dynamic moduli (G0; G00) as a function of
oscillatory frequency (x) for some representative concentrations. As
discussed previously,44 these systems behave as Maxwell fluids at low
frequencies. This is confirmed by the good agreement between the

data and the Maxwell fits [lines in Fig. 7(a)] where G0 ¼ G0
x2s20

1þx2s20
and

G00 ¼ G0
xs0

1þx2s20
, with G0 being the elastic modulus and s0 the charac-

teristic relaxation time. In Fig. 7(b), we plot the relevant viscoelastic
quantities (G0, s0, and g0) for the range of concentrations studied here,
extracted from the linear viscoelastic spectra. We find that these quan-
tities follow scaling laws with concentration (G0 � C1:9; s0 � C0:8,
and g0 � C2:6) in agreement with.46

Figure 7(c) depicts the complex viscosity, jg�j, as a function of
frequency, along with the steady shear viscosity, gSð _cÞ, as a function of
shear rate. The collapse of the dynamic and steady data (especially
above 0.37 g/L) validates the Cox–Merz rule.58 We describe the data
with a fit by means of the Cross model,59 one of many options for
empirical models, all giving comparable results:

gSð _cÞ ¼ g1 þ
g0 � g1
1þ ðk_cÞn : (11)

Here, g1 is the viscosity at very large shear rate that we set equal
to the solvent viscosity (g1 ¼ 1:5 mPa s), g0 is the zero-shear-rate vis-
cosity [plotted in Fig. 7(b)], n is the shear-thinning exponent, and the
parameter k is the inverse of a critical shear rate.57 We find that the
Cross model provides a good description of the samples’ shear-
thinning behavior [continuous lines in Fig. 7(c)], except at very large
shear rates where some deviation is systematically measured. All data
can be fitted with a very similar shear-thinning exponent
n ¼ 0:976 0:05.

2. Drop impact experiments

Figure 8 (Multimedia view) depicts snapshots of the drop after its
impact for an EHUT solution with C¼ 0.37 g/L at different times. The
general phenomenology that has been observed for Newtonian sam-
ples (see Figs. 3 and 4) is also found here, and the expansion process
does not exhibit any pertinent qualitative differences compared to that
of Newtonian samples. This suggests common physical processes driv-
ing the expansion dynamics of sheets of different kinds of systems.

In Fig. 9, ~d is plotted as a function of the zero-shear-rate
Ohnesorge number, Oh0, for both EHUT solutions (red half plain

FIG. 6. Variations of the biaxial extensional viscous energy EB calculated from
Eq. (9) and the two limits of the shear viscous dissipation energy, respectively, (a)
ES;H from Eq. (6), and (b) ES;d from Eq. (8) during the expansion of a drop impact-
ing a small solid target, as a function of the zero-shear rate Ohnesorge number,
Oh0, for the two classes of Newtonian fluids (purple symbols) and EHUT supramo-
lecular polymer solutions (red squares). The dissipation energies have been nor-
malized by the initial kinetic energy of the drop EK ¼ 1

2mv
2
0 . The dashed and solid

lines indicate a slope of 1 and 1.5, respectively.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 073109 (2021); doi: 10.1063/5.0057316 33, 073109-6

Published under an exclusive license by AIP Publishing

108
Chapter 5. Biaxial extensional and shear viscous dissipation during the

expansion of fluid sheets



squares) and Newtonian samples (green plain triangles) impacted on a
small target. We find that for the thinning fluids, the onset of the vis-
cous regime takes place at much higher Oh0, hence at much larger g0
(by factor of 100) as compared to Newtonian samples, a clear indica-
tion that the zero-shear-rate viscosity, is not the relevant quantity to
characterize the dissipation process for viscoelastic fluids. We first
argue that elasticity does not play an important role in the expansion
dynamics of the present viscoelastic sheets. Indeed, even if the charac-
teristic relaxation time of the EHUT is always much larger than the

FIG. 7. (a) Frequency dependence of the storage (G0 , filled symbols) and loss (G00 ,
open symbols) moduli of different EHUT supramolecular polymer solutions. The
lines (solid for G0, dashed for G00) are Maxwell model fits for samples with different
concentrations as indicated in the legend. (b) Evolution of the storage modulus
(top), terminal relaxation time (middle), extracted from the Maxwell fits, and zero-
shear-rate viscosity (bottom) with sample concentration. The concentration depen-
dence is indicated by the slopes in each figure. (c) Complex viscosity as a function
of frequency (closed symbols) and steady shear viscosity as a function of shear
rate (open samples), and fits (lines) using the Cross equation [Eq. (11)], for samples
with different concentrations as indicated in the legend.

FIG. 8. Snapshots taken at different times (as indicated on each image) during the
expansion of a sheet for EHUT sample with concentration C¼ 0.37 g/L. Multimedia
view: https://doi.org/10.1063/5.0057316.3

FIG. 9. Normalized maximum expansion factor ~d as a function of the zero-shear-
rate Ohnesorge number, Oh0, for an EHUT supramolecular polymer solutions
(closed squares) and for the Newtonian water/glycerol mixtures and silicone oils
(purple symbols) and of the effective shear Ohnesorge number, OheffS (see the text),
for the EHUT supramolecular polymer solutions (open squares).
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characteristic time of the impact experiment [see the regime where
storage modulus overwhelms the loss modulus in Fig. 7(a)] so that in
principle elasticity should play a role in drop impact experiments, bulk
elastic energy contribution is negligible with respect to the capillary
contribution if the elastocapillary length, defined as lec ¼ 3C

G0
, is larger

than the drop diameter d0.
23 Taking G0 ¼ 8:5 Pa, C¼ 25mN/m,

and d0¼ 4mm, for the most concentrated sample investigated
[Figs. 7(a) and 7(b)], one gets lec=d0 ¼ 2:2 > 1. This ratio is even
larger for less concentrated polymer solutions. Therefore, bulk elastic
energy contributions can be safely neglected in the present framework.
Hence, the contrasted results for Newtonian and non-Newtonian sam-
ples must stem from the thinning character of EHUT solutions.
Actually, different groups have successfully accounted for the shear-
thinning upon impact on a solid surface with a size larger than the
expanding maximum sheet diameter.8,11,13,32

In our case, the non-stationary shear rate experienced by the part
of the expanding liquid sheet in contact with the target can be analyzed
as following. We estimate the spatial average shear rate _cðtÞ experi-
enced by the sheet on the target at a given time t. We assume a con-
stant thickness H(t) throughout r at a given time. We define by t�, the
time at which the expanding sheet reaches the edge of the target, that
is, Rðt�Þ ¼ RT ¼ dT

2 .
For t < t�,

_cðtÞ ¼ 1
pR2ðtÞ

ðRðtÞ
0

1
RðtÞHðtÞ

dR
dt

2pr2dr ¼ 4R2ðtÞ
d30

dR
dt
: (12)

For t > t�,

_cðtÞ ¼ 1
pR2

T

ðdT=2
0

1
RðtÞHðtÞ

dR
dt

2pr2dr ¼ 2dTRðtÞ
d30

dR
dt
: (13)

Finally, we calculate the time-averaged shear rate experienced by
the sheet on the target during the entire expansion process as

h _ci ¼ 1
tmax

ðt�
0

4R2

d30

dR
dt

dt þ
ðtmax

t�

4RTR
d30

dR
dt

dt

 !
; (14)

h _ci ¼ 4
tmaxd30

d3T
24
þ
dT d2max � d2T
	 


16

� �
: (15)

A good approximation, well supported by the experimental
results (see Fig. 10), is tmax � dmax

v0
with v0 the impact velocity.

Moreover, by assuming that 3d2max � d2T, the time-averaged shear
rate, h _ci, reads:

h _ci � dTdmaxv0
4d30

: (16)

Having shown in Fig. 7(c) that the flow curves are well fitted by
the Cross model [Eq. (11)], the effective shear viscosities, geffS , are eval-
uated from the Cross fits at the relevant shear rate, h _ci. The latter vary
from h _ci¼ 1420 s�1 to 3220 s�1 leading to effective viscosities varying
between geffS ¼ 10 and 2 mPa s.

In Fig. 9, we plot the normalized maximum expansion as a func-
tion of an effective Ohnesorge number, OheffS , where g0 is replaced by
geffS for the non-Newtonian fluids (open red squares). The plot shows
that viscoelastic samples expand much less than one would expect
based only on their shear viscosity at the relevant shear rate, when tak-
ing as reference the data for Newtonian fluids. Moreover, taking into
account the shear-thinning viscosity generates an unrealistic situation
where samples with almost the same shear-thinning viscosity exhibit
different expansions. Therefore, the shear-thinning viscosity fails to
properly describe the maximum expansion of the viscoelastic sheets.
Instead, the biaxial extensional viscous dissipation during the expan-
sion in the air must be considered. The deformation field during the
sheet expansion upon impacting a small target is essentially biaxial
extensional, except on the small target where the sheet experiences
both shear and biaxial extensional deformations. Given the very low
value of the shear-thinning viscosity, we anticipate that the dissipation
is mainly due to the biaxial extensional flow.

3. Viscous dissipation processes

In order to estimate the shear and biaxial extensional dissipation
energy of rheo-thinning fluids, one must assess the relevant rate-
dependent viscosities involved in these processes.

a. Effective shear viscosity. In order to account for the rate-
dependent viscosity in the shear dissipation energy of non-Newtonian
fluids, we will consider the effective shear viscosity, geffS , resulting from
the shear thinning of the EHUT solution and accessible by mean of
classical rotational rheometry (see Sec. III B 2).

b. Effective biaxial extensional viscosity. Measuring properly, the
biaxial extensional viscosity is a difficult task for viscoelastic fluids of
low viscosity such as the present EHUT solutions.37,38,60–66 In the
framework of the impact drop problem, we have very recently estab-
lished a successful, yet simple strategy in order to address this chal-
lenge.24 Our approach consists of mapping the viscoelastic systems to
Newtonian samples impacted under cold Leidenfrost conditions where
they experience a purely biaxial extensional deformation. Thus, we
attribute to the viscoelastic sample an effective biaxial extensional vis-
cosity equal to the biaxial extensional viscosity of a Newtonian fluid
with the same maximum expansion factor. Operationally, we shift

horizontally the data of ~d obtained for the viscoelastic samples so that
they overlap the reference data for the Newtonian fluids (Fig. 11). The
shift factor yields directly an effective biaxial extensional Ohnesorge

FIG. 10. Time to reach the maximal expansion, tmax, as a function of dmax=v0, with
dmax the maximal expansion of the sheet and v0 the impact velocity, for all impact
experiments. The line corresponds to tmax ¼ dmax

v0
.
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number, OheffB ¼
geffBffiffiffiffiffiffiffiffi
qCd0
p , from which an effective biaxial extensional

viscosity geffB is derived. geffB is different from the biaxial extensional vis-

cosity in the Newtonian limit, g0B ¼ 6g0. Note that only ~d data in the
viscous regime are shifted for EHUT systems (data in the capillary
regime are not subjected to the shift).

In Fig. 11, we show the fit of the in Ref. 24: in:

~d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� bOheffB

q
: (17)

Here, b ¼ 0:0606 0:020 is the only fitting parameter. The model
in Eq. (17) is based on an energy conservation balance, assuming that
the initial kinetic energy, EK, is fully converted into surface energy, EC,
and biaxial extensional viscous dissipation energy, EB (the shear vis-
cous dissipation energy, ES, is neglected).

In the following, we will verify our assumption that the biaxial
extensional dissipation is the relevant source of viscous dissipation in
the present experimental conditions. First, we validate the rheological
origin of geffB . The effective biaxial extensional viscosity, geffB , is
expected to depend on the strain rate. We use here the same approach
as the one developed in Ref. 24 to extract a relevant strain rate for the
impact experiment. The time-dependent biaxial extensional strain rate
in the expansion regime (Fig. 12) is averaged as

�_e ¼

ðRmax

0
r _edrðRmax

0
rdr

: (18)

Although the average strain rate (Fig. 12) does not vary signifi-
cantly with sample concentration (_eMean ¼ 2256 35 s�1), in the fol-
lowing we use the computed average strain rate (_e ) for each
concentration.

We report in Fig. 13 the variation of the normalized effective
biaxial extensional viscosity, geffB =g

0
B, of EHUT supramolecular poly-

mers as a function of the effective Weissenberg number, Wieff. The lat-
ter is defined as Wieff ¼ s0 _e , where s0 is the relaxation time obtained
from linear shear rheology measurements (Fig. 7) and _e is computed
using Eq. (18) (Fig. 12).

On the same plot, we report previous experimental data for nor-
malized biaxial extensional thinning viscosities measured for different
viscoelastic fluids using different setups.37,38 We also report polyethylene
oxide (PEO) solutions data impacted under cold Leidenfrost conditions
from our previous work.24 The EHUT experimental data follow remark-
ably well the experimental results reported in the literature for stationary
biaxial extensional deformation flows of different systems (surfactant
wormlike micelles in Ref. 37, polystyrene solutions in Ref. 38, and PEO
solutions in Ref. 24) At low Weissenberg numbers (Wi ¼ _es0 < 1), the
biaxial extensional viscosity is rate independent and reaches the
Newtonian limit: gB ¼ g0B ¼ 6g0. By contrast, when Wi> 1, the biaxial
extensional viscosity decreases with the strain rate as gB � 6g0ð_es0Þ�0:5

FIG. 11. Normalized maximum expansion factor for drops of Newtonian fluids
impacting a surface covered with liquid nitrogen as a function of Ohnesorge number
based on gB0 (green symbols), together with that of EHUT samples (red squares)
impacting a small target as a function of an effective Ohnesorge number based on
an effective biaxial extensional viscosity geffB chosen to collapse on the two sets of
data in the viscous regime. The thin continuous line is the best fit with Eq. (17), and
the dash lines show error bars on the fitting parameter b.

FIG. 12. (a) Evolution of the biaxial extensional strain rate as a function of the radius of the sheet during its expansion for EHUT samples with different concentrations, as indi-
cated in the legend. (b) Average strain rate calculated according to Eq. (18) as a function of concentration. Error bars represent the standard deviation of three different
experiments.
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with a thinning exponent of�0.5 as validated by theoretical predictions
in the framework of the classical tube-based model.67

c. Comparison between shear and biaxial extensional viscous
dissipation. After assessing geffS and validating the rheological origin of
geffB , we can now compute and compare the two viscous dissipation
processes for the supramolecular polymers. In order to account for the
rate-dependent viscosity in the shear dissipation energy of non-
Newtonian fluids, we have replaced, in Eqs. (6) and (8), gS by geffS . On
the other hand, we replaced, in Eq. (9), gB by geffB , to evaluate the biax-
ial extensional viscous energy.

Results are reported in Fig. 6. The dissipation energies have been
normalized by the initial kinetic energy of the drop EK ¼ 1

2mv20 and
plotted as a function of the zero-shear-rate Ohnesorge number. We
observe that the biaxial extensional viscous dissipation energy is larger by
two orders of magnitude than the shear dissipation energy (for both lim-
its in the calculation of the shear dissipation energy) despite the fact that
the zero-shear viscosity of the less concentrated complex fluid sample
(about 10Pa s) is two orders of magnitude larger than the more viscous
Newtonian samples we have investigated (about 0.2Pa s). Note that in
the same experimental conditions, a Newtonian viscous sample with a
viscosity of 10Pa s will not expand outside of the target after impact.

IV. CONCLUSIONS

Drop impact experiments on a small solid target have been per-
formed with Newtonian fluids and solutions of entangled supramolec-
ular polymers as rheo-thinning viscoelastic fluids. Upon impact on the
surface, a drop expands into a sheet. A part of the expanding sheet is
always at intimate contact with the target, while the rest of the sheet
freely expands in the air. We have measured the maximum expansion
of sheets for the two classes of fluids. We have quantitatively assessed
the energy dissipation due to shear and biaxial extensional deforma-
tions, and have highlighted the distinctive roles of shear and biaxial
extensional viscosities. We have shown that the expansion process is
controlled by a combination of shear (on the target) and biaxial exten-
sional (in the air) deformations. For Newtonian fluids, the two sources
of dissipation remain of the same order of magnitude. In sharp

contrast to the findings for Newtonian fluids, for the rheo-thinning
viscoelastic fluids, the dominant source of viscous dissipation is the
biaxial extensional deformation during the sheet expansion, and con-
sequently, the biaxial thinning extensional viscosity is found to control
the maximum expansion of the sheets. The physical reason is that the
thinning behavior of the fluid strongly depends on the flow type, since
nonlinear viscosities scale differently with the relevant deformation
rate. In other words, polymeric fluids exhibit a different thinning
behavior in shear and in biaxial extension, justifying the distinction we
made between the two viscous dissipation modes. On the contrary, for
Newtonian fluids, both viscosities are proportional to each other, and
thus, the distinction of the nature of the viscous dissipation is less
important. We have also shown that the ratio between the two dissipa-
tion modes strongly depends on the size of the target. It would there-
fore be interesting to study the contribution of the shear dissipation at
different drops to target ratios. This will be the task of future work.
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5.3 Effect of the target size on maximal expansion

5.3.1 Newtonian fluids

As shown in equations 6 and 8 of the paper in section 5.2, the shear dissipation, which
affects the expansion of the sheet, is expected to be target-size dependent. In this section,
this effect is experimentally investigated by impacting drops on targets of different sizes
in the regime dT > d0 with dT the diameter of the target and d0 the drop diameter. Note
that Arogeti et al. experimentally studied the opposite regime, with target to drop ratios
dT
d0

ranging from 0.3 to 0.9 [Arogeti 2019].
We use home-made translucent targets, enabling the measurement of the sheet expansion
before it reaches out of the target. The target diameter varies from 5 to 30 mm (See
section 2.1.3.1), yielding dT

d0
in the range 1.25 to 4.25.

Snapshots of sheets produced by the impact of a glycerol and water mixture (22% w/w
glycerol, ηS = 1.5 mPa s) at maximal expansion on targets of different sizes and for an
impact velocity v0 = 3.7 m/s are presented in Figure 5.1. The maximal expansion of the
sheet decreases (from 21.2 mm to 17.2 mm) when dT increases. Additionally, we observe
that the amount of secondary droplet ejections and the size of filaments expanding from
the rim decreases as the size of the target increases. Yet, the number of filaments increases
with the size of the target.

a) b) c)

d) e) f)

5mm 5mm 5mm

5mm 5mm 5mm

Figure 5.1: Snapshots of sheets of glycerol/water (22/78 w/w, ηS = 1.5 mPa s) mixture
at maximal expansion after impact at an impact velocity v0 = 3.7m/s on targets with
diameter a) 5 mm b) 6 mm c) 7 mm d) 9 mm e) 11 mm f) 13 mm. Scale bars are 5 mm.
The dotted green lines highlight the target.
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In Figure 5.2, we report the maximal stretching ratio, βmax = dmax
d0

as a function of the
target diameter for glycerol/water mixtures of different shear viscosity (η = 1 to 309 mPa
s) performed at several impact velocities (v0 = 1.5 to 4.7 m/s). The maximal stretching
ratio, βmax, decreases from a first plateau until reaching a second plateau when the size of
the target increases. The sharpness of this decrease is more important for the samples
with intermediate viscosity as the samples with the highest and lowest viscosity tend to
expand similarly on each target (See inset of Figure 5.2).

The dashed line in Figure 5.2 corresponds to dT = dmax. The data points above this
line result from the impacts for which the sheet expanded outside of the target. The drops
were impacted on targets from smallest to largest until reaching the target size at which
the sheet did not expand outside, explaining that most data points lie above the dashed
line. Additional impacts were performed on the largest target (dT = 30mm) as a reference
on a plane surface.
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Figure 5.2: a) Maximal stretching ratio, βmax, as a function of the target diameter for all
glycerol and water mixtures of different viscosity impacted at different impact velocity, v0,
as indicated in the legend. b) Results for low (1.5 mPa s), intermediate (55 mPa s) and
high (309 mPa s) viscosity samples impacted at v0 = 3.7 m/s. The lines are guides for
the eyes. The error bars represent the standard deviation for three separate experiments.
In some cases, the error bars are smaller than the symbol size. In a,b) the dash dotted
lines delineate two regimes: dmax > dT and dmax < dT.

To quantitatively explain the dependence of the maximal stretching ratio with the
target size, we rationalize the maximal expansion with energy balance arguments (Equation
5.1) and assess the dissipation involved in the dynamic of expansion of the sheets. Energy
conservation reads:

EK = Eγ + Ediss (5.1)

with EK, the kinetic energy at impact and Eγ, the surface energy and Ediss the
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dissipated energy at maximal expansion. For Ediss, we distinguish two sources: the shear
and the biaxial extensional viscous dissipation energies, respectively ES and EB.

We write the viscous shear energy dissipated during sheet expansion (from section 5.2)
as

ES ≈
∫ tmax

0

∫
Vshear

σS γ̇dVsheardt (5.2)

with Vshear, the sheared volume, γ̇, the shear rate, σS, the shear stress and tmax, the
time at maximal expansion. As explained in section 5.2, the evaluation of the sheared
volume is not trivial since a viscous boundary layer develops with time from the solid
surface of the target and defines the sheared portion of the sheet (See Figure 5.3 a)) until
propagating to the entire sheet thickness at t = t∗. For times larger than t∗, the sheared
volume is the total thickness of the sheet, H(t), times the area of the layer in contact with
the target (See Figure 5.3 b)). Figure 5.3 shows a representation of the sheared volume
(hatches) to consider at different times. The thickness of the boundary layer, δ(t) ≈

√
ηSt
ρ

(with ηS, the shear viscosity), evolves with time as t1/2 while the thickness of the sheet,
H(t) =

2d30
3v20t

2 , as calculated by volume conservation assuming that the sheet is a pancake
of uniform thickness, decreases as t−2. We define t∗ as the time at which δ = H. Thus

t∗ =
(

2d30
3v20

√
ρ
ηS

)2/3

. The sheared volume, Vshear, is given by:{
t > t∗ Vshear =

πd2TH(t)

4

t 6 t∗ Vshear =
πd2Tδ(t)

4

(5.3)

𝑉𝑆ℎ𝑒𝑎𝑟

t* ≤ t ≤ tmaxt ≤ t* a) b)

Sheet

Figure 5.3: Schematic representation of the expanding sheet (blue) and the sheared
Volume (purple) at a) t 6 t∗ and b) t∗ 6 t 6 tmax.

We have evaluated t∗ and plotted t∗ against tmax, the time to reach the maximal
expansion, in Figure 5.4 along with a line representing t∗ = tmax. For samples which
lay above this line, the thickness to consider to estimate the sheared volume is δ(t) at
early times and becomes H(t) after t∗. In the other hand, for samples below t∗ = tmax,
the relevant thickness is always δ(t). We find that in most case, t∗ ≥ tmax. Samples
with t∗ < tmax have very low viscosity, ηS = 1 and 1.5 mPa s, and the dissipated energy
during their impact is negligible since they are in the capillary regime. This statement is
verified in Figure 5.5 where the ratio of the dissipated energy to the kinetic energy, Ediss

EK
is

plotted as a function of the target size. We here find that for the samples with t∗ < tmax,



5.3. Effect of the target size on maximal expansion 117

Ediss
EK

is at most 11 %. Because the dissipation is negligible, using H(t) instead of δ(t) to
evaluate the sheared volume in the samples of low viscosity does not lead to significant error.
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Figure 5.4: Comparison between tmax and t∗ for glycerol/water mixtures of different
viscosities (as indicated in the legend) impacted on targets of different sizes. The different
symbols correspond to different impact velocities, v0, as indicated in the legend. At a
given t∗, the different data points correspond to different target sizes. The line represents
tmax = t∗.

We thus consider H(t) as the relevant thickness at all times for the sheared volume
when estimating the shear dissipation energy (Equation 6 of section 5.2).

ES ≈
3πηSd4

Tv0

64d3
0

dmax (5.4)

Note that in section 5.2, the two expressions for the shear dissipation energy evaluated
by considering either δ or H are found to be of the same order of magnitude.

On the other hand, the shear dissipation energy is compared to the biaxial extensional
viscous dissipation energy (Equation 9 of section 5.2)

EB ≈ ηB
πv0d3

0

6dmax
ln2

(
dmax

d0

)
(5.5)

The ratio EB/ES reads

EB

ES
=
ηB
ηS

32

9

(
d0

dT

)4(
d0

dmax

)2

ln2

(
dmax

d0

)
(5.6)

For Newtonian fluids, ηB = 6ηS so equation 5.6 reads
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Figure 5.5: The ratio of the dissipated energy at maximal expansion, Ediss, over the initial
kinetic energy, EK, as a function of the normalized target ratio, dT/d0.

EB

ES
=

64

3

(
d0

dT

)4(
d0

dmax

)2

ln2

(
dmax

d0

)
(5.7)

In that case, the ratio EB/ES does not depend directly on the viscosity and the only
sample dependent quantity is dmax which weakly decreases with viscosity. Experimental
data for the ratio EB/ES (given by equation 5.6) as a function of the normalized target
size, dT/d0, are shown in Figure 5.6. We essentially find a dependence with dT with
a -4 power law. At a fixed target to drop ratio, the experimental values for EB/ES in
Figure 5.6 increases weakly with the viscosity as expected from the dependence with dmax

(equation 5.7).
Additionally, EB/ES is close to 1 for small target to drop ratio and strongly decreases

at larger target to drop ratio showing a dominance of the shear viscous dissipation in the
expansion dynamics of sheets formed by the impact of Newtonian fluids as the size of the
targets increases.

We will now rationalize the maximal expansion with energy balance conservation
arguments. From Figures 5.5 and 5.6, we prove that the biaxial extensional viscous
dissipation is negligible with respect to the shear viscous dissipation. Indeed, even in
the case when EB ≈ ES we are in a regime where viscous dissipation energy is negligible
compared to surface tension energy (see Figure 5.5) and one can write EB + ES << Eγ.
Hence, in both cases, it is reasonable to write an energy balance equation for the sheet
expansion dynamic omitting the biaxial extensional dissipation energy.

EK = Eγ + ES (5.8)
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Figure 5.6: Ratio EB/ES as a function of the normalized target size, dT/d0, for glyc-
erol/water mixtures impacted with different impact velocity, v0, as indicated in the
legend.

with EK =
mv20

2
, the kinetic energy of the drop of mass m, Eγ = 1

2
πγd2

max, the surface
energy. In the case of an inviscid fluid, viscous dissipation is negligible and Equation 5.8
reads

EK =
1

2
πγd2

max,inv (5.9)

with dmax,inv the maximal expansion of an inviscid fluid.
The ratio of equations 5.8 and 5.9 gives:

d̃2 +
3

32

√
6 Oh0

(
dT
d0

)4

d̃− 1 = 0 (5.10)

where d̃ = dmax
dmax,inv

and Oh0 = ηS√
ργd0

. Equation 5.10 shows a dependence of the maximal
expansion with the zero-shear rate Ohnesorge number times the normalized target size
to the power 4. To verify this dependence, we first estimate d̃ as dmax

dmax,water

γwater
γgly/water

. We

then plot d̃ as a function of Oh
(
dT
d0

)4

along with Equation 5.10 in Figure 5.7. γwater
γgly/water

is
a correction to account for the difference in surface tension between water (γwater = 72
mN/m) and the glycerol/water mixtures ((γgly/water ranges between 71.5 and 64 mN/m)).
The experimental data collapse quite well on the curve given by the analytic equation
5.10 without adjustable parameters. The residuals to the curve are plotted in the inset of
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Figure 5.7 and lay between +9 % and -25 %.
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Figure 5.7: Maximum spreading factor normalized by the maximum spreading factor of
water and corrected for γ for glycerol/water mixtures on targets of various sizes as a

function of Oh
(
dT
d0

)4

. The line is the theoretical equation 5.10. The inset is the residuals
of the data to the curve.

The model describes well the dependence of the maximal expansion with the target-
to-drop diameters ratio times the Ohnesorge number. Moreover, the good quantitative
agreement shows that, in the case of Newtonian fluids of different viscosities impacted at
different velocities, the biaxial extensional component of the viscous dissipation can be
reasonably neglected.

5.3.2 PEO solutions

PEO solutions, which are rheo-thinning fluids, are also impacted on the different
targets. We use a PEO with a molecular weight of 8000 kg/mol. The dilute to semi-dilute
transition occurs at C∗ = 0.27%. The concentrations are chosen in order to have two
samples in the dilute regime (C = 0.02% and C = 0.2%) and two samples in the semi-
dilute regime (C = 0.5% and C = 1%) (See Figure 2.33). The zero-shear rate viscosities
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of the investigated samples range from η0 = 1.5 to 6530 mPa s. Figure 5.8 shows sheets
at maximal expansion resulting from those impacts. The maximal expansion decreases
with the target size for the sample in the dilute regime and, seems to be independent of
the target size in the semi-dilute regime. The maximal expansion on the small target for
the sample at C = 0.02% is larger than for the sample at C = 1% and tends to be the
same as the target size increases. Moreover, for the sample at C = 0.02%, the number of
instabilities seems to increase with the target size while the size of the filament decreases,
as it was observed for the Glycerol/water mixture in Figure 5.1. No instabilities were
observed for the sample at C = 1%.

a) ii) iii)

b) ii) iii)

i)

i)

Figure 5.8: Snapshots of sheets of PEO solutions of concentrations a) C = 0.02% and b)
C = 1% at maximal expansion after impact at an impact velocity v0 = 3.7m/s on targets
with diameter i) 5 mm ii) 7 mm iii) 11 mm. Scale bars are 5 mm. The dotted green lines
highlight the target.

The maximum spreading factors are shown in Figure 5.9 along with the previous
results for Newtonian samples (gray symbols). The data points above the dashed line
indicate impacts for which the sheet expands outside of the target. We observe a decrease
of βmax with increasing target size for PEO solutions below C∗ and no effect of the target
size on the expansion of semi-dilute PEO solutions (C > C∗).

We first discuss the relative contribution of viscous dissipation. In the case of PEO
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Figure 5.9: Maximum spreading factor for glycerol/water mixtures (gray symbols) and
PEO solutions impacted on targets of various sizes. Gray symbols are Newtonian fluids
from section 5.3.1.

solutions, the thinning behaviors in shear and in biaxial extension are different. Thus,
one must evaluate the relevant quantities for ηB and ηS to calculate the ratio EB/ES. We
do not have access to ηB experimentally, and we cannot evaluate it as done in section
5.2 with the set of data collected for the PEO samples. Indeed, as we increase the size
of the target, and thus the portion of energy dissipated via viscous shear dissipation,
we cannot discriminate between the two modes of dissipation when shifting the data
as in section 5.2. Not knowing the value of EB/ES, we must in principle include the
two types of dissipation in the energy balance. Nevertheless, this equation would also
include ηB and is complicated. For the sake of simplicity, we decide to neglect biaxial
extensional viscous dissipation, which is expected to be more important for impacts on
the small targets. Therefore, to rationalize the maximal expansion, we use the equation
5.10 developed from an energy balance including ES but neglecting EB. The assumption
ηS = η0 is used to evaluate ES as we have done for Newtonian fluids. Note that in this
manner, we neglect the non-Newtonian behavior of the PEO solutions. We plot on Figure

5.10, d̃ =
dmax,PEO
dmax,water

γwater
γPEO

, as a function of Oh0

(
dT
d0

)4

along with the results from Figure
5.7 for the glycerol/water mixtures (gray symbols). The theoretical prediction given
by Equation 5.10 and represented by the line in Figure 5.10 largely underestimates the
maximal expansion of the sheets of PEO in the semi-dilute regime.
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Figure 5.10: Maximum spreading factor normalized by the maximum spreading factor of
water and corrected for γ for glycerol/water mixtures (gray symbols) and PEO solutions

on targets of various sizes as a function of Oh0
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. The line is the theoretical prediction
(equation 5.10).

The underestimation of d̃ comes very likely from the fact that in the case of rheo-
thinning fluids, using the zero-shear-rate viscosity, η0, to estimate the dissipation results
in an overestimation of the latter. Indeed, as shown in Figure 5.11, the viscosity of the
PEO solutions in the semi-dilute regime decreases with the solicitation rate. The effective
shear viscosity, ηS,eff, is obtained by evaluating the shear viscosity at the relevant shear
rate. We calculate the mean shear rate undergone by the sheet from the first time of
impact to maximal expansion, 〈¯̇γ〉 ≈ dTdmaxv0

4d30
which, for an impact velocity of 3.7 m/s,

ranges between 1800 s−1 on the target of 6 mm and 3300 s−1 on the target of 11 mm for
PEO 0.5% and between 1300 s−1 on the target of 5 mm and 3500 s−1 on the target of
13 mm for PEO 1%. The effective shear viscosity, ηS,eff = ηS(〈¯̇γ〉), thus ranges between 9
and 7 mPa s for PEO 0.5% and between 34 and 15 mPa s for PEO 1% as compared to
η0 = 270 mPa s for PEO 0.5% and η0 = 6500 mPa s for PEO 1%.

Figure 5.12 represents the experimental data for d̃ as a function of Oheff
(
dT
d0

)4

with
Oheff = ηeff√

ργd0
. ηeff is ηS for Newtonian, η0 for unentangled PEO solutions and ηS(〈¯̇γ〉) for

PEO solutions in the semi-dilute regime. The results in Figure 5.12 shows that d̃ is better
described by equation 5.10 when considering the effective viscosity of the sample during
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Figure 5.11: Complex viscosity as a function of the oscillation frequency, η∗(ω) (closed
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fits (continuous lines) using the Cross equation (Eq 2.15).

expansion instead of the zero shear viscosity.
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Nevertheless, the quantitative agreement is not as good as for the Newtonian fluids as
it can be seen from the residuals to the curve in the inset of Figure 5.12. The residuals
range between +13 % and -33 %. The poorer agreement with the theoretical expectation
(Eq. 5.10) might come from the non-negligible contribution from the effective biaxial
extensional viscous dissipation energy, which was overlooked in our model. As expected,
the agreement is worse for the semi-dilute samples impacted on the small targets, for which
EB is probably greater than ES, and becomes better at larger target to drop diameter
ratios.

5.4 Conclusion
Drops impacted on a target of comparable size are subjected to both shear and biaxial

extensional viscous dissipation due to the intimate contact of part of the sheet with the
target while the rest of the sheet is freely expanding in the air. We have demonstrated
that for the EHUT solutions, which are strongly shear-thinning, the dominant source of
viscous dissipation after impact is caused by the biaxial extensional deformation of the
sheet. For Newtonian fluids, however, the two sources of dissipation on the target are of
the same order of magnitude. The competition between shear and biaxial extensional
viscous dissipation is quantitatively assessed, and the expression for the shear viscous
dissipation energy shows a dependence with the size of the target to the power of four.

We have explored the impact of the target size on the shear viscous dissipation by
producing targets of various sizes for impact of Newtonian fluids and PEO solutions. We
have found an analytical prediction for the maximal expansion of the sheets, based on an
energy balance including, as viscous dissipation, the shear dissipation and showed that the

maximal expansion depends on Oheff
(
dT
d0

)4

. Here Oheff is the effective Ohnesorge number
defined by ηS√

ργd0
for Newtonian, η0√

ργd0
for PEO solutions in the unentangled regime and

ηS(〈¯̇γ〉)√
ργd0

for PEO solutions in the semi-dilute regime. ηS(〈¯̇γ〉) is obtained from evaluating
the steady shear viscosity at the relevant shear rate experienced by the expanding sheet,
thus accounting for the shear-thinning nature of the samples. The expansion of Newtonian
samples has been quantitatively well described by this analytical expression, showing
that the biaxial extensional viscous dissipation can be reasonably neglected during the
expansion on a target. However, the prediction is less good for the PEO solutions as
the contribution from the biaxial extensional viscous dissipation is expected to be more
important than for Newtonian samples.
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A close look at the rim of viscous sheets
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6.1 Introduction
In this chapter, we provide an analysis of the rim bounding a liquid sheet freely

expanding on a repellent surface. When a drop of Newtonian fluid expands after impact,
a rim appears at the edge of the sheet and propagates toward the center because of the
capillary forces in the sheet frame of reference. Studying the dynamics of the rim is
of great interest to those who want to characterize the ejection of secondary droplets
arising from the destabilization of the rim after the impact of a drop of fluid, and this
is the focus of several previous studies [Roisman 2006, Villermaux 2011, Wang 2018].
However, few studies focus on the growth dynamics of a rim during the expansion of
a liquid sheet especially from an experimental point of view. Noticeable works include
[Roux 2004, de Ruiter 2010, Eggers 2010, Ogawa 2018]. Very recently, Wang measured
the volume of the rim of a dyed water drop impacting a small target and undergoing
unsteady fragmentation [Wang 2021b]. They assumed the rim cross-section to be circular
and found good agreements with predictions for the rate of volume injection into the rim
as well as the cumulative volume fraction entering the rim that they obtained using the
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radius of the sheet and its thickness at the rim entrance. However, as the shape of the rim
is not measured and only assumed, it is difficult to assess the relevance of their results.

The emergence and growth of a rim is not only observed for liquid sheet expansion.
This phenomenon was studied extensively in the context of film bursting [Taylor 1959,
Culick 1960, McEntee 1969, Petit 2015, Vernay 2015b]. Indeed, when a film is perforated,
the fluid accumulates in the rim outside the undisturbed film, collecting all the dis-
appearing material during the opening of the hole. The motion of this rim has been
initially studied by Taylor [Taylor 1959] and Culick [Culick 1960] and is closely related
to the rim motion and growth in drop impact dynamics [Roisman 2002, Eggers 2010,
Villermaux 2011, Ogawa 2018, Wang 2021b]. Some works in the field of film bursting
looked into the cross-section shape adopted by this growing rim, and in some situa-
tions observed shapes diverging from the expected circular one. The first observation
comes from McEntee and Mysels who evidenced the presence of a thickened film, which
they called "aureole", spreading ahead of the expected narrow rim during the bursting
of a soap film [McEntee 1969]. The emergence of this aureole was attributed to the
presence of surfactants in the film [Frankel 1969] and was also reported in later studies
[Florence 1972, Liang 1996, Lhuissier 2009, Petit 2015].

In this chapter, we first describe the thickness profiles as measured for the entire sheets
and then focus on the geometrical characteristics of the rim (its real shape and volume).
In the rest of this chapter, we focus on momentum and mass conservation arguments to
access the velocity at which the rim is fed by the fluid in the expanding sheet and compare
this velocity to theoretical predictions. We also consider the filling rate of the rim and
define a criterion for the time of emergence of the rim.

6.2 Thickness fields

We perform analysis on sheets of glycerol/water mixtures with viscosity ranging from
60 to 813 mPa s. We did not analyze Newtonian fluids with lower viscosities as they
induce significant secondary droplet ejections and form a crown (see section 2.1.4.2). A
dye, nigrosin (1.19 g/L), is added to the glycerol/water mixtures to enhance the contrast
and quantitatively measure the thickness of the sheets. The impact velocity is fixed at
v0 = 4.2 m/s. Drops of initial diameter d0 =4.5 mm are impacted on liquid nitrogen
(cold Leidenfrost conditions). Snapshots of the sheets at maximal expansion are shown in
Figure 6.1. In each image, one can observe a darker area at the edges of the liquid sheets,
which corresponds to a thicker part of the sheet. The difference between this darker area
and the rest of the sheet is more defined for low viscosity samples (Figure 6.1 a) and
b)) and seems to fade in more as the viscosity increases. Short fingers as well as some
droplet ejections are also observed around the sheets of lower viscosity (Figure 6.1 a) and
b)). Green circles, with the same diameters as the effective diameters measured from the
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sheets area, have been added on the snapshots to help in the appreciation of the sheets
circularity. We observe that, as viscosity increases, the sheet tends to be a perfect circle
at maximal expansion (Figure 6.1 f)). Nevertheless, even for the samples of the lowest
viscosity, the deviation from the circular shape is small, which justifies the azimuthal
average we perform while measuring the thickness field of such sheets.

a) b) c)

d) e) f)

Figure 6.1: Snapshots of sheets of glycerol/water mixtures with viscosity a) 60 mPa s b)
76 mPa s c) 270 mPa s d) 365 mPa s e) 530 mPa s and f) 813 mPa s. Snapshots are taken
at maximal expansion, for an impact velocity v0 = 4.2 m/s. The scale bars are 5 mm. The
dashed green circles are added to appreciate the deviation of the sheets from circularity
and their diameters corresponds to the diameters calculated from the area of the sheet.

The thickness profiles of the sheets during expansion are measured, as explained in
section 2.1.4.3, by transmittance. They are averaged along the azimuthal coordinate with
an angular step of 1◦. In Figure 6.2, we present the thickness profiles as a function of r, the
radial axis, at different times for three representative Newtonian samples (80 wt%, 93 wt%
and 97.5 wt% of glycerol in water) giving low (η = 60 mPa s), intermediate (η = 365 mPa
s) and high (η = 813 mPa s) shear viscosities. For samples of lower viscosity, the thickness
at the center of the sheet, hC, decreases more rapidly during the expansion and follows a
power-law decay with exponent -1.5 versus -1.2 for samples of high viscosity (Figure 6.3).
This power-law decay of the central lamella thickness as been previously observed and
predicted by a power-law decay with a similar exponent for ethanol drops in Leidenfrost
conditions [Lastakowski 2014]. Note that the first profiles shown are at t = 1.79 ms
because of technical issues encountered when measuring the profiles as explained in section
2.1.4.3. The times at which the profiles are accepted are taken when the volume of a
given sheet, as calculated by equation 6.1, is roughly constant (Figure 6.6). On Figure
6.2, one can observe the apparition of a bulge at the extremity of the sheet thickness
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profile. This bulge is called a rim and is often assimilated to a torus of revolution in the
literature. Here, we measure the thickness profile of the sheet and thus have access to
the profile of the rim, which allows us to evaluate its shape but also how rims evolve
with time. The rim moves on the radial axis, following the sheet expansion, and becomes
more pronounced with time. The maximum height of the rim, h(Rpeak), increases with time.
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Figure 6.2: Thickness profiles of the sheets as a function of the radius, r, as averaged
azimuthally, at different times as indicated in the legend for glycerol/water mixtures with
different shear viscosities a) 60 mPa s b) 365 mPa s and c) 813 mPa s. The impact velocity
is v0 = 4.2 m/s. The last time shown in each panel corresponds to the time at maximal
expansion.
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Figure 6.3: Time evolution of the thickness of the sheet at r = 0 for glycerol/water
mixtures with different shear viscosity as indicated in the legend.

We discuss here, the standard deviation caused by the azimuthal fluctuations of the
thickness when averaging h over the azimuthal coordinates. In Figure 6.4 a), we show
the thickness field of the sheet at maximal expansion for the samples of lowest (η =60
mPa s) and highest (η =813 mPa s) viscosity along with the error bars resulting from
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the fluctuations of the thickness around the azimuthal coordinates. Far from the rim,
the fluctuations are quite low, as it was observed by [Vernay 2015a], and of the order of
10 % for both low and high viscous sheets. On the contrary, at the rim, the standard
deviation differs from low (80 % at the peak of the rim) to high (10 % at the peak of the
rim) viscosity. The standard deviation resulting from the azimuthal average at the peak
of the rim for the different samples at tmax is shown as a function of the shear viscosity in
Figure 6.4 b) and decreases linearly with viscosity from ∼ 80% down to 10% as η increases.
These much higher fluctuations for samples of low viscosity are believed to result from
the presence of fingers and instabilities at the rim. Though these standard deviations
are quite high, it does not bring error on Rin, Rpeak and Rout or the volume because we
obtain the latter by revolution of the mean value of h.
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Figure 6.4: a) Thickness profiles of the sheet as a function of the radius, r, as averaged
azimuthally, at maximal expansion for two glycerol/water mixtures with shear viscosity
60 mPa s and 813 mPa s. The impact velocity is v0 = 4.2 m/s. The error bars result from
the azimuthal average. The arrows indicate the positions of Rin and Rout. b) Fluctuations
for h at Rpeak(tmax) caused by the azimuthal average of the sheet thickness as a function
of the sample shear viscosity.

Figure 6.5 shows the time evolution of 2Rpeak (symbols) along with the effective
diameter, d, measured according to the method in section 2.1.4.1, which gives d =

√
4A
π
,

for different glycerol/water mixtures. We explain how we retrieve the radius at which
the rim is the highest, Rpeak, in section 2.1.4.3: ∂h(Rpeak)

∂r
= 0. The position of the peak

of the rim coincide with the measure for the apparent diameter showing that following
the highest point of the rim, Rpeak, is another method to measure the time evolution of
the sheet expansion. Moreover, this result confirms the accuracy of our thickness field
analysis.

Figure 6.6 shows the volume of the sheet, Vsheet, normalized by the volume of the
initial drop, V0 as a function of time. Vsheet is obtained from the thickness field, h(r, t),
using the equation

Vsheet(t) =

∫ Rout(t)

0

2πrh(r, t)dr (6.1)

With Rout(t) the radius of the sheet at time t, as obtained from the thickness profile.
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Figure 6.5: Comparison of the effective diameter, d, as measured in section 2.1.4.1 with
the position of the peak of the rim, Rpeak, identified following the method in section
2.1.4.3.

We find that Vsheet/V0 is constant for the more viscous samples and increases before
reaching a plateau for samples of lower viscosity. This increase suggests that we do not
evaluate properly the volume of the sheet at short times. For this reason, we do not
consider times shorter than 1.79 ms for which the volume increases. In the inset of Figure
6.6, we show the time averaged Vsheet/V0 as a function of viscosity. Because this value is
equal to or lower than one, in the remaining of this chapter, the volume of the rim will be
normalized by Vsheet.

Figure 6.7 shows the profiles at maximal expansion for glycerol/water mixtures of
different viscosity. This profile is built by reflecting, across the ordinate axis, the thickness
field which was previously averaged over the azimuthal coordinates (See section 2.1.4.3).
The overall thickness of the sheet is larger for higher viscosity samples (around 100 µm
for the center part of the sheet and 250 µm for the rim versus 50 µm and 100 µm for the
less viscous fluids) which is not surprising as these samples expand less upon impact.



6.3. Experimental analysis of the rim 133

0 1 2 3 4 5 6 7 8
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

    60 mPa s

    76 mPa s

  270 mPa s

  365 mPa s

  530 mPa s

  813 mPa s

V
sh

ee
t/V

0

t (ms)

0 200 400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2
V

sh
ee

t/V
0

 (mPa s)

Figure 6.6: Volume of the sheet Vsheet, as calculated from equation 6.1, normalized by
V0, the volume of the drop, as a function of time. The error bars come from the average
over three distinct experiments. The inset represents Vsheet/V0 averaged over time as a
function of the shear viscosity.
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Figure 6.7: Thickness profiles at maximal expansion built by reflection across the ordinate
axis for glycerol/water mixtures with different viscosities as indicated in the legend.

6.3 Experimental analysis of the rim

The rim profile is obtained using the method described in 2.1.4.3 which identifies the
radii of the inner, Rin(t), and outer, Rout(t), sides of the rim. In Figure 6.8, we show the
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thickness field of the sheet at maximal expansion for the samples of lowest (η =60 mPa s)
and highest (η =813 mPa s) viscosity. The outer radius of the rim, Rout, is defined as the
first non-null value after removing the noise from the thickness profiles. The radius of the
inner part of the rim, Rin, is easy to define at low viscosity (Figure 6.8 a)) as the thickness
profile, at the transition from the rest of the sheet to the rim, has a minimum that can
easily be detected. On the contrary, for viscous fluids, the transition from the rest of the
sheet to the rim is broad, and the minimum is more difficult to identify (Figure 6.8 b)).
We defined a criterion which allows to identify Rin for all samples whatever their viscosity:

1

h(r)

∂h

∂r

∣∣∣∣
Rin

= 0.15 (6.2)

This criterion is somewhat arbitrary. For this reason, the analysis for which the value
of Rin has an impact were performed using h′

h
(Rin) = 0.1, 0.15 and 0.2 and showed no

significant qualitative and quantitative discrepancy. Arrows on the graphs (Figure 6.8)
show the positions of Rin and Rout as found by using our method. On Figure 6.8 a), Rout

is further from the peak as compared to Figure 6.8 b). Indeed, the profile in Figure 6.8 a)
is for a sheet of low viscosity and has instabilities, which we take into account.
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Figure 6.8: Thickness profiles of the sheet as a function of the radius, r, as averaged
azimuthally, at maximal expansion for two glycerol/water mixtures with shear viscosity a)
60 mPa s and b) 813 mPa s. The impact velocity is v0 = 4.2 m/s. The arrows indicate
the positions of Rin and Rout.

6.3.1 Emergence of the rim

At short times, it might not be possible to find Rin which is defined as the radius before
Rpeak at which h′/h is closest to 0.15 (see section 2.1.4.3). We can define an apparition
time for the rim, trim. trim is represented as a function of the viscosity in Figure 6.9. trim
is measured to increase with sample viscosity, from ≈1 ms for η = 60 mPa s to ≈3 ms for
η = 813 mPa s.
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The rim, for the more viscous sheets, appears at longer times around trim = 3 ms for
sample with η = 813 mPa s as compared to 1 ms for the less viscous samples.
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Figure 6.9: Apparition time for the rim, trim, as a function of the sample viscosity. The
error bars come from the average over three distinct experiments.

6.3.2 Thickness of the lamella at the foot of the rim

The thickness at Rin(t) corresponds to the thickness at the entrance of the rim,
e = h(Rin). This is a useful parameter for the quantitative modeling of the rim dynamics,
as detailed below. The time evolution of e for all samples is represented in Figure 6.10.
This quantity is constant for samples of low viscosity and follows a sharp decrease with
time before reaching a plateau for samples of higher viscosity.

6.3.3 Shape of the rim

Our experiments provide a unique opportunity to measure the actual profile of the rim.
The profiles of the rim are shown in Figure 6.11 for sheets at their maximal expansion.
To obtain a cross-section at tmax of the envelope of the rim in a plane containing the
revolution axis, we plot, in Figure 6.12, h1 = h(r,tmax)

2
and h2 = −h(r,tmax)

2
as a function of

r, assuming that the sheet is symmetric with respect to the horizontal axis. To have a
realistic shape of the cross-section, we use the same scale for the horizontal and vertical
axis. Furthermore, to compare the different samples, we only show the external part of
the sheet last 5 mm from the edge of the cross-section. Note that the envelopes do not
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Figure 6.10: Thickness at the entrance of the rim, e, as a function of time. The error bars
come from the average of three distinct experiments.

close as we do not go below 5 µm, which is the amplitude of the noise.

In Figure 6.11, the rim is delimited on the left by Rin and on the right by Rout. We can
clearly see that the shape of the rim cross-section differs from the circular one, which is
the shape usually assumed to model the rim [Yarin 2017, Wang 2018]. The rim is rather
a toroid of revolution with a cross-section close to an oblate ellipse. Figure 6.13 shows the
eccentricity, Ecc = (Rout −Rin)/h(Rpeak), of the ellipse containing the rim cross-section
at maximal expansion as a function of the shear viscosity. The shape of the profile we
measure seems to correspond to the aureole initially observed by [McEntee 1969] and
measured experimentally by [Florence 1972] when looking at punctured soap films. But
we could not make quantitative comparison because there is, to our best knowledge, no
data showing the shape of the rim in the literature. The emergence of an aureole was
attributed to surface tension gradients caused by the presence of surfactants in solution
[McEntee 1969, Petit 2015, Bico 2015]. Though, in our situation, the surface tension is a
constant, thus the aureole shape we obtain for the rim cannot be attributed to surface
tension gradients. Interestingly, [Vernay 2015b] studied the bursting of dilute oil-in-water
emulsion-based liquid sheets (η = 1 mPa s) in presence of surfactants but looking at
the thickness profiles provided in their paper, we do not observed a large eccentricity
(Ecc ≈ 1) of the shape of the rim at the nucleating holes caused by Marangoni effect. Nor
did we observe large eccentricity (Ecc ≈ 1) of the rim bounding an expanding sheet of
water impacted on a small target by Vernay et al. [Vernay 2015a]. However, Lagubeau et
al. obtained thickness profiles of a drop of glycerol/water (η = 6 mPa s) expanding on
a hydrophobic substrate and one can notice on these profiles, rims with width 10 times
larger than the maximum height, i.e. Ecc ≈ 10, which is of the same order as what we
observe here [Lagubeau 2012]. As it is, it is not clear if this eccentricity is related to the
surface or to the viscosity. Either way, it is obvious in our situation that the cross-section
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is far from being circular.

Additionally, the whole shape of the cross-section depends strongly on the viscosity.
The rim is thicker for samples of higher viscosities and the rim spans a larger section of
the sheet. [Frankel 1969] showed that, in the case of a punctured film, the viscosity of the
fluid leads to a thicker part which extends further toward the undisturbed sheet if the
viscosity is larger. This hydrodynamic analysis corroborates our measurements where the
rim extends further away from the rim for higher viscosities. The asymmetry of the rim
at maximal expansion for the sample of the highest viscosity (η = 813 mPa s), which does
not have instabilities, is equal to As = 3. With As =

Rpeak−Rin
Rout−Rpeak

.

R
in

 = 60 mPa s

R
out

 = 76 mPa s

 = 270 mPa s

 = 365 mPa s

 = 813 mPa s

 = 530 mPa s

5 mm
Rmax

Figure 6.11: Shape of the external part of the sheet (the last 5 mm) for the different
samples at maximal expansion represented by plotting, on the vertical axis, h(r, tmax)/2

and −h(r, tmax)/2 with a same scale for the x and y-axis, so the shape is not deformed, as
a function of r. The rim is delimited by Rin and Rout.



138 Chapter 6. A close look at the rim of viscous sheets

0 1 2 3 4 5 6 7 8 9
-500

0

500

 

 

h
  (

µ
m

)

r (mm)
0 1 2 3 4 5 6 7 8 9

-500

0

500

 

 

h
1
 ,
 h

2
 (

µ
m

)

r (mm)

a) b)

Figure 6.12: Schematic representation of the technique followed to obtain the cross-section
of the rim in Figure 6.11. a) The thickness profile, h(t), as measured by transmission. b)
The real shape of the profile obtained by reflection with respect to the horizontal axis of
h(t)/2.
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Figure 6.13: Eccentricity, Ecc = (Rout − Rin)/h(Rpeak), of the profiles shown in Figure
6.2 as a function of the shear viscosity, η. The dashed line marks the expectation for a
circular cross-section.

Here, we are interested in the time evolution of the volume of the rim. We consider
the volume of the fluid accumulating in the rim, thus, we take into account the ligaments
and small instabilities.

An important side of our analysis is that we have access to a more accurate measurement



6.3. Experimental analysis of the rim 139

of the rim volume since we measure the thickness profile and there is no need to assimilate
the rim to a torus of revolution. The volume of the rim reads

Vrim(t) =

∫ Rout(t)

Rin(t)

2πrh(r, t)dr (6.3)

where Rin, the radius of the inner side of the rim, and Rout, the radius of the outer
side of the rim, are both determined according to section 2.1.4.3. Doing so, we assume
that the rim is a toroid of revolution (and not a torus). This assumption is fully justified
by the good circularity of the shape of the sheets (see figure 6.1).

Figure 6.14 shows the volume of the rim, Vrim, normalized by the volume of the sheet,
Vsheet (Eq. 6.1) as a function of time normalized by the collision time, tcol = d0

v0
. The

volume increases linearly with time. Interestingly, the intercept that would result from
the prolongation of the data to t/tcol = 0 following a straight line (shown in the inset of
Figure 6.14) seems to differ for the samples of high viscosity (η >365 mPa s). Note that,
for the very viscous samples, the rim tends to appear at larger times explaining why there
is no data at t/tcol < 3. The slope, b, is the dimensionless filling rate of the rim, which is
reported in Figure 6.15 for all samples as a function of the biaxial extensional Ohnesorge
number, OhB = ηB√

ργd0
.

The slope, b, corresponds to the non-dimensional filling rate of the rim. This filling
rate is constant with time for each sample and depends weakly on the viscosity. This
observation is confirmed by the weak slope of the regression line fitting the data for the
non-dimensional filling rate, b, as a function of OhB represented by a blue line in Figure
6.15. Note that, to make sure that this result is reliable, the same analysis was also
done with h′/h = 0.1 and 0.2 as criterion to find Rin. The slopes, b, obtained using the
different criteria, are very similar at low viscosity. They are slightly more sensitive to
the criterion at high viscosity, as evidenced by the large error bars. Nevertheless, the
values for the linear fit of b(OhB) round up to the same values with the three criteria.
This confirms that the arbitrary criterion of h′/h = 0.15 does not affect our conclusions.
b, the non-dimensional filling rate, varies linearly with OhB:

b =
1

Vsheet

dVrim
dt

tcol = C1 + C2OhB (6.4)

with tcol, the collision time. From the fit (Figure 6.15), C1 = 0.06 ± 0.004 and
C2 = 0.006± 0.0008. There is a very weak dependence of the filling rate with OhB. OhB
varies by a factor 10 while the filling rate varies by a factor 2.
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Figure 6.14: Volume of the rim, Vrim, normalized by the sheet volume, Vsheet, as a function
of the normalized time t/tcol. The red lines are the linear fits. The inset shows the
intercept of the linear fit as a function of the shear viscosity. Error bars come from the
average for three distinct impact experiments.
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Figure 6.15: Slope of the evolution of the normalized rim volume, Vrim/Vsheet, with the
reduced time, t/tcol, as a function of the biaxial extensional Ohnesorge number, OhB.
Error bars come from the average for three distinct impact experiments. The blue line is
the best linear fit of the experimental data.
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6.4 Theoretical considerations

In this section, we build a theoretical model for the filling velocity of the rim based on
momentum conservation and access the experimental filling velocity of the rim using mass
conservation arguments. We compare the filling rate to what we have found experimentally.
We, moreover, find a criterion for the time of emergence of a rim.

6.4.1 Filling velocity of the rim

From our experimental observations, we consider, at a time t, a part of the rim
assimilated to a toroid of revolution with a cross-section, Srim, connected to the liquid
sheet of radius R as represented in Figure 6.16. The thickness of the sheet at the entrance
of the rim is e. The liquid in the sheet feeds the rim with a local velocity, vfill.

dθ

Srim

Rdθ

R

Figure 6.16: Schematic representation of a portion of the sheet with its rim of cross-section
Srim.

We write the stress tensor in the sheet
σrr = −p+ 2ηRṘ

r2

σθθ = −p+ 2ηRṘ
r2

σzz = −p− 4ηRṘ
r2

With η, the shear viscosity, r, the radial position in the sheet plane R the radius of
the sheet and p, the pressure in the film, which is equal to −4ηRṘ

r2
due to the absence of

axial stress at the film surface. Hence
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σrr = 6ηRṘ

r2

σθθ = 6ηRṘ
r2

σzz = 0

We consider the momentum balance in the Galilean reference frame of the laboratory
for the portion of the rim.

d(mṘ)

dt
= Ṙṁ+mR̈ = ṁu− 2γRdθ +Rdθeσrr(R) (6.5)

With m = ρSrimRdθ, the mass of the portion of the rim, u, the Eulerian radial velocity
of the liquid in the sheet at R(t) and Ṙ, the expansion velocity of the sheet. The left
hand-side of Equation 6.5 is the rate of change of the rim momentum and the right
hand-side regroups the forces acting on the rim: the first being the inertial forces of the
fluid, the second being caused by surface tension and the third by the viscous forces.
Using the local mass conservation, ṁ = e

(
u− Ṙ

)
ρRdθ, and σrr(R) = 6η Ṙ

R
equation 6.5

reads

Ṙe
(
u− Ṙ

)
ρRdθ + ρSrimRdθR̈ = ρeRdθ(u− Ṙ)u− 2γRdθ + 6Rdθeη

Ṙ

R
(6.6)

Equation 6.6 simplifies as

eρ
(
u− Ṙ

)
Ṙ− eρ

(
u− Ṙ

)
u = −2γ + 6eη

Ṙ

R
− ρSrimR̈ (6.7)

Which, after some simple mathematical operations, reads

vfill =

√
2γ

eρ
− 6η

ρ

Ṙ

R
+

Vrim
2eπR

R̈ (6.8)

With Vrim = 2πSrimR and vfill = u− Ṙ, the filling velocity of the rim. We thus obtain
a theoretical expression for the filling velocity at a time t. In this expression, the effects
of capillarity, viscosity and inertia are decoupled.

Interestingly, when the effects of viscosity and inertia are negligible, we obtain the
well known classical Culick velocity, vCulick =

√
2γ
ρe
, usually used to describe the forma-

tion of a propagating growing rim at the edge of an opening surface by balancing the
capillary force applied to the rim with the inertial force of the flow entering the rim
[Taylor 1959, Culick 1960, Yarin 2017].

Equation 6.8 depends on R, Ṙ and R̈. These three quantities are plotted for the
sample of viscosity η = 270 mPa s in Figure 6.17 as a function of time. The acceleration
of the sheet, R̈, is a negative quantity whose value is between -20 and -80 time the gravity.
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Figure 6.17: Time evolution of R, Ṙ and R̈ for sample of high viscosity (η = 270 mPa s).

Because R̈ is negative while R and Ṙ are strictly positive, vfill defined by Equation 6.8
only exists when the absolute value of the first term, |2γ/eρ|, is larger than the absolute
value of the sum of the second and third terms, −6η

ρ
Ṙ
R

and Vrim
2eπR

R̈. These terms which are
respectively the contributions from capillarity, viscosity and inertia to vfill are represented
in Figure 6.18 as a function of time. We can see that in our situation, the effect of
the viscous forces on the filling velocity is negligible at higher times. The contributions
from the viscous forces are plotted for all samples in Figure 6.19. This contribution is
larger for viscous samples as compared to samples of low viscosity at short times but
this contribution decreases with time and vanishes at larger times for all samples. The
inertial forces, however, are important contrarily to what is usually claimed in the litera-
ture [Villermaux 2011]. The contribution from the inertial forces is always smaller than
the contribution from capillarity but both are, nevertheless, of the same order of magnitude.

To experimentally measure the filling velocity, we have to provide a relationship with
experimentally accessible quantities. We write the mass conservation at times t and t+ dt.

R(t)ρvfill(t)e(t)dθdt = [R(t+ dt)Srim(t+ dt)−R(t)Srim(t)] ρdθ (6.9)

Neglecting the second order term in dt, the filling velocity then reads

vfill(t) ≈
1

e(t)

[
Ṡrim(t) +

Ṙ(t)

R(t)
Srim(t)

]
(6.10)

Using the time variation of the torus volume, dVrim(t)
dt = 2π

(
Ṡrim(t)R(t) + Srim(t)Ṙ(t)

)
,

the filling velocity of the rim, vfill(t), can be reformulated as
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Figure 6.18: Contributions from capillarity, |2γ/eρ|, viscosity, |6η
ρ
Ṙ
R
|, and inertia, | Vrim

2eπR
R̈|,

to vfill as a function of time for glycerol/water samples of different viscosity as indicated
on the graphs. The error bars result from the average of three distinct experiments.

vfill(t) =
1

2e(t)πR(t)

dVrim(t)

dt
(6.11)

vfill can thus be experimentally evaluated. In Figure 6.20, we compare the experimental
values for vfill, as measured using Equation 6.11 and averaged over time, to the theoretical
expectations and Culick’s velocity, vCulick as a function of the viscosity.

vfill,exp is clearly weaker than Culick’s velocity to which it is often approximated. This
discrepancy is not due to the viscous forces as it is clear from Figure 6.18 that their
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Figure 6.20: vfill,exp, vfill, and vCulick as a function of viscosity. The error bars come from
the average of three distinct experiments.

effect is negligible. The effect of viscosity on a growing rim was already considered by
[Debrégeas 1995] who found that the hole after bursting of a very viscous suspended liquid
film in the absence of any surfactant grows without forming a rim. However, these films
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are also viscoelastic. Debregeas et al. believed this viscoelasticity to be responsible for
the "instantaneous" uniform thickening of the film after bursting, which prevents the
emergence of a rim. The effect of inertia which is often neglected, on the other hand, is
not negligible for our experimental conditions. Indeed, the velocity predicted by equation
6.8 is in much better quantitative agreement with the experimental values, vfill,exp. Thus,
the slowing down of the sheet expansion as a non-negligible effect on the rim growth.
Eventually, the different velocities decrease for increasing viscosity. [McEntee 1969] Found
that the rim velocity decreases with increasing film thickness. This could explain why the
filling velocity is lower for samples of higher viscosity as their e is larger.

6.4.2 Filling rate of the rim

In Figure 6.15, we show the filling rate of the rim as a function of viscosity. This latter
does not have a very strong effect. Here, we want to quantitatively rationalize the effect
of viscosity using the findings in section 6.4.1.

Thanks to the good agreement between experience and theory for the filling rate

1

2eπR(t)

dVrim(t)

dt
≈ vfill (6.12)

At tmax, Equation 6.12 reads

1

Vsheet

dVrim(tmax)

dt
≈ 2vfill
Rmax

(6.13)

with Vsheet ≈ πR2
maxe(tmax) and Rmax = Rmax,inv

√
1− αOhB with α = 0.025 ± 0.015

for Newtonian fluids (cf. Chapter 3). Equation 6.13 then reads

1

Vsheet

dVrim(t)

dt
≈ 1

tcol

(
2vfilld0

Rmax,invv0
+ α

vfilld0

Rmax,invv0
OhB

)
(6.14)

where C1 = 2vfilld0
Rmax,invv0

and C2 = α vfilld0
Rmax,invv0

. For the values of vfill in Figure 6.20, we
find C1 = 0.10± 0.056 and C2 = 0.001± 6.10−4 which have the same order of magnitude
as the values obtained experimentally in Figure 6.15 (C1 = 0.06 and C2 = 0.006).

The good agreement between the theoretical and experimental values of C1 and C2

confirms by another approach that our prediction for the filling velocity are in good
quantitative agreement with the experiments. The filling rate is constant with time as
the volume of the rim varies linearly with time and depend slightly on the viscosity. This
dependence on viscosity of the filling rate even though we have seen that the filling velocity
is not affected by viscosity is explained by the dependence of Rmax on viscosity in the
viscous regime.

6.4.3 Emergence of the rim

Before the rim appears, Vrim = 0. In that case, the filling velocity becomes
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vfill =

√
2γ

eρ
− 6η

ρ

Ṙ

R
(6.15)

which rewrites

vfill = vCulick
√

1− 3ε̇tη (6.16)

with ε̇ = Ṙ
R
the extensional rate and tη = eη

γ
the viscous time. We thus obtain a first

criterion for the apparition of the rim

3ε̇tη < 1 (6.17)

Indeed, for 3ε̇tη > 1, vfill cannot exist and so does the rim. The apparition of the rim
is also limited by the collision time, tcol = d0

v0
, which corresponds to the time for a drop of

initial diameter, d0, to travel its own distance when impacted at a velocity, v0. Thus, the
second criterion is

t > tcol (6.18)

On Figure 6.21, we plotted 3ε̇tη as a function of time for three experiments for each
glycerol/water mixtures. The symbols in red are 3ε̇tη at times when there is not yet a rim.
The experimental observations for the appearance of the rim respect quantitatively the
criterion given by equation 6.17. Although the viscous forces do not play an important
role in the filling velocity once the rim is formed, they are the ones which dictate when
the rim will appear through the viscous time.
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6.5 Conclusion
In this chapter, we have measured the thickness field of expanding sheets of Newtonian

fluids on a repellent surface and have quantitatively characterized the rim bounding the
sheet. For the first time, to the best of our knowledge, we provide direct observation of
the shape of the rim bounding an expanding sheet. We show that the shape of the rim
cross-section is very far from the circular one usually assumed. We measure the filling rate
and velocity and find intriguing results that were not expected based on previous works
from the literature. We show clearly that the filling velocity of the rim is significantly
lower than Culick’s velocity, which is generally used to describe the growth of a rim
bordering a free liquid sheet. The difference between these two velocities takes its origin in
the effect of the inertial forces, which are neglected in the standard Culick-like approach.
We include the deceleration of the sheet in our prediction and obtain good quantitative
agreements with the experimentally measured filling velocity. As soon as there is a rim,
the contribution of viscosity is negligible. Nevertheless, the rim was observed to appear
later for fluids of higher viscosity. In good agreement with our findings, we found a
criterion dictating the apparition of the rim, which depends on the viscous time. Finally,
we have been able to measure and rationalize the filing rate of the rim of viscous sheets.





Chapter 7

Spinning elastic beads: a route for
simultaneous measurements of the
shear modulus and the interfacial

energy of soft materials

In this chapter, we report the paper Spinning elastic beads: a route for simultaneous mea-
surements of the shear modulus and the interfacial energy of soft materials, A. Carbonaro∗,
K.-N. Chagua-Encarnacion∗, C.-A. Charles∗, T. Phou, C. Ligoure, S. Mora and D. Truz-
zolillo, Soft Matter, 16 (36), 8412-8421, 2020, where the bulk elastic response and the
contribution from the surface tension to the deformation of an elastic beads under rotation
in a spinning drop tensiometer are fully decoupled and predicted. In this paper, we also
show that the surface tension and surface stress are the same in the case of soft hydrogels.

∗ These three authors have contributed equally to this work.
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Carole-Ann Charles,†a Ty Phou,a Christian Ligoure, *a Serge Mora *b and
Domenico Truzzolillo *a

Large deformations of soft elastic beads spinning at high angular velocity in a denser background fluid

are investigated theoretically, numerically, and experimentally using millimeter-size polyacrylamide

hydrogel particles introduced in a spinning drop tensiometer. We determine the equilibrium shapes of

the beads from the competition between the centrifugal force and the restoring elastic and surface

forces. Considering the beads as neo-Hookean up to large deformations, we show that their elastic

modulus and interfacial energy constant can be simultaneously deduced from their equilibrium shape.

Also, our results provide further support to the scenario in which interfacial energy and interfacial

tension coincide for amorphous polymer gels.

1 Introduction

When subjected to external loads, elastic bodies change their
shape due to the interplay between the applied load and the
restoring forces of the material the body is made of.1,2 Below
the elastic limit, these are the bulk elastic forces following the
material-specific stress–strain relation, and the surface forces
dictated by the interfacial free energy that characterizes the
interaction with the surrounding medium. Since the subtle
balance between these forces stays relevant even beyond the
elastic limit and determines, together with the onset of plastic
events, the occurrence of material failure and permanent
deformation,3 bulk and surface stresses turn out to drive the
behavior of soft materials under many circumstances.1–3 For
this reason understanding the importance of these two contri-
bution to material response is of paramount importance.

The impact of interfacial stresses on the equilibrium shape
of elastic materials can be readily quantified by the elasto-
capillary length c, defined as the ratio of the interfacial energy
per unit area G to the shear modulus G0 of the body under
consideration. When c is comparable with or larger than other
characteristic lengths of the system4–6 interfacial stresses must

be taken into account to compute stationary material shapes
and to predict possibly the onset of instabilities.7–9 This is the
case for soft elastic samples with small geometric features. For
example, for a hydrogel with shear modulus G0 B 30 Pa and
interfacial tension G B 30 mN m�1, the elasto-capillary length
is c = 1 mm. Therefore, the equilibrium shapes of millimetric
and submillimetric elastic particles must be necessarily
affected by the interfacial contribution to their total energy.

Despite of this general and well-grounded consideration,
many important questions concerning the interplay between
bulk and interfacial stresses10,11 and the very nature of the
latter in amorphous solids12,13 remain unanswered. For a
generic material immersed in a background medium interfacial
energy is the energy required to create a unit area of new
surface by a division process, whereas interfacial tension is
the surface stress associated with its deformation. For Newtonian
liquids, interfacial tension and interfacial energy are two strictly
equal quantities since, when a liquid interface is deformed, the
distances between the molecules at the interface are not affected
by the imposed deformation as molecules can move freely from
the bulk to the liquid boundaries. It is generally not so for a solid,
for which interfacial energy may depend on the surface area, as
first pointed out by Shuttleworth14 in his pioneering work. Since a
solid surface consists of a constant number of atoms, the work
done to alter the separation distance between atoms at their
surface is expected to depend on this distance itself.14–16 As a
result, the work required to deform a material is not necessarily
the same as the thermodynamic work required to create a new
surface. For crystals the problem has been solved16,17 since their
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surface free energy is a function of the surface area itself and
hence it is expected to be different from the surface tension.
However, for amorphous materials, like cross-linked elastomers,
the issue remains unresolved because the molecules have local
mobility allowing them, at least in principle, to show liquid-like
behavior: the surface reforms in response to external stimuli.18,19

While this liquid-like scenario has been recently confirmed for
Polydimethylsiloxane (PDMS) elastomers,12 other experimental
works pointed out that for specific soft gels13,20,21 the interfacial
energy does depend on the surface area, or equivalently on the
imposed compressive strain parallel to the surface, and, as a
consequence, interfacial free energy and interfacial stress are
expected to differ.14,20,21

Moreover, for most solid materials the accurate measure-
ment of the interfacial energy is experimentally challenging,
since the intimate coupling between the contributions of
interfacial and bulk energies hampers the detection of effects
solely due to interfacial stresses. For instance instability
thresholds5,22 and the shapes taken by softened wedges23–25

or ripple deformations26 involve the coupling between surface
stress and bulk elasticity through the elasto-capillary length,
making impossible to determine separately the two parameters
(G0 and G). Even if one of the two parameters, e.g. the shear
modulus, were determined elsewhere, a measurement relying
on a single experiment is of limited accuracy. To solve this
problem, indentation tests, standard rheometry or stretching
tests, based on a gradual variation of an external load could in
principle be used. However, these methods involve the
presence of solid–solid contact forces27,28 that typically affect
the measurement and give rise to issues like slip and edge
fracture. Furthermore, in the case of ultrasoft gels the measure-
ment of the elastic modulus through these techniques is even
more troublesome since one would be confronted with issues
related to insufficient instrumental accuracy.

For these reasons, unveiling effects of surface energy in soft
solids remains arduous and it has not been possible to con-
verge to any conclusive result. This motivates investigations of
phenomena that originate from a non-negligible contribution
of interfacial free energy in the absence of solid–solid contacts
over a wide range of strains, while, at the same time, engineering
strategies to fully decouple interfacial and bulk stresses would be
highly desirable.

In this paper, we tackle this challenging task and report on a
theoretical and numerical study of the deformation of soft neo-
Hookean beads when they are immersed and spun in a denser
background fluid. Strikingly we found that, if the interfacial
energy of the beads does not depend on their deformation, the
elastic and the interfacial contributions determining the bead shape
can be decoupled when the strong deformation limit is reached,
namely when the ratio between the two principal axis of the
deformed particles is dmax/dmin \ 2. To check further the reliability
of our results we have investigated the deformation of soft poly-
acrylamide beads immersed in a denser immiscible fluid and spun
in the capillary of a commercial spinning drop tensiometer (SDT).

Though an SDT is usually employed to measure low liquid–
liquid interfacial free energies,29–31 recently it has been used

also for purposes ranging from the study of the relaxation
dynamics of liquid drops32 and the presence of an effective
interfacial tension in miscible fluids,32–35 to the characteriza-
tion of the mechanical properties of thin elastic capsules36 and
viscoelastic properties of polymer melts.37,38

Unlike the aforementioned works, here we use an SDT to
investigate the equilibrium shapes of full elastic beads with a
radius of the order of one millimeter and shear modulus of the
order of 10 Pa,10 for which we expect important elasto-capillary
effects. The analysis proposed in this work has been developed
specifically for homogeneous beads and is far different from
previous attempts to adapt spinning drop tensiometry measure-
ments to elastic and viscoelastic bodies.36–38

When the SDT capillary is spun around its axis at a prescribed
angular velocity, and once a steady state is reached, the beads spin
solidly with the background fluid and the capillary itself. Since the
surrounding fluid is denser than the bead, the centrifugal forces
center and stretch the bead on the axis of rotation (Fig. 1). In this
geometry, the sample bead is entirely surrounded by a liquid
without any contact with other solid bodies. This is an important
benefit of this geometry as the only interfacial free energy to be
considered is the solid–liquid one. In addition, the external load
(i.e. the centrifugal forces) can be finely tuned up to values
generating large deformations (\500%) of the bead.

The remainder of this paper is organized as follows. Assuming
an interfacial energy independent from the deformation, the base
equations governing the equilibrium of a spinning elastic bead
surrounded by a liquid spinning at the same angular velocity
are derived in Section IIA. These equations are first solved by
assuming a homogeneous (biaxial) deformation of the bead
(Section IIB). It is shown that, within this approximation, the
effects on the deformation due to the contributions of the
interfacial free energy and bulk elasticity can be decoupled at
high centrifugal forcing. A full resolution of the base equations is
made in Section IIC using the Finite Element method, showing
the limitation of the biaxial approximation for a quantitative
analysis. Interestingly, the behaviour emerging from the approxi-
mation still holds, providing a way to access to both the elastic

Fig. 1 Sketch of a spherical elastic bead immersed in a liquid of higher
mass density and deformed by centrifugal forcing. (a) Initial configuration
of the bead at rest (o = 0). (b) The elastic bead is spun solidly (o4 0) with a
denser fluid, both being contained in a cylindrical capillary. Centrifugal
forces give rise to the reversible deformation of the bead and stabilize its
position on the capillary axis.
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modulus and the interfacial free energy constant of the beads.
In Section III we report on experiments carried out with a
commercial spinning drop tensiometer and soft polyacrylamide
beads. A discussion of the main results and a comparison with the
expected values for G0 and G follows. Our experimental results
point out that, for acrylamide gels, the interfacial energy is strain-
independent and hence that the Shuttleworth effect is absent.14

Such a conclusion has been further tested by comparing the
interfacial energy of the beads and the interfacial tension mea-
sured between the background fluid and a non-crosslinked liquid
polyacrylamide solution. The agreement between these two values
further corroborates a scenario in which bulk elasticity does not
contribute significantly to interfacial stresses. Finally, in Section
IV we make some concluding remarks and summarize the key
results of this work.

II Theory
A. Equilibrium equations at finite strains

The non-linear equations governing the equilibrium (steady)
configuration of a rotating elastic sphere are derived considering a
positive constant interfacial energy and an isotropic and incom-
pressible neo-Hookean constitutive law. The latter is known to
describe well the mechanical properties of soft polyacrylamide gels
for strains up to several hundred percent.39–41

Let us consider an elastic bead of radius R0, shear modulus
G0 and density ri immersed in an infinite Newtonian back-
ground fluid of density ro 4 ri. As the sphere is spun at angular
velocity o around one diameter (aligned along axis z), the bead
deforms, stretching along the rotation axis to minimize its
rotational energy. In the co-rotating frame the elastic force,
the surface force and the centrifugal force are conservative. The
equilibrium can therefore be derived from the condition that
the total potential energy is minimum. The position R of a
material point in the deformed configuration is given as a map
R(r) in terms of the position r in the undeformed configuration.
For an isotropic and incompressible neo-Hookean solid, the
strain energy density is:

Wel ¼
G0

2
tr FT � F� 1
� �

; (1)

where F = qR/qr is the deformation gradient and 1 the unit
matrix. The equilibrium is governed by the minimization of the
free energy

E ¼ GAþ
ð
O0

WeldV0 þ
ð
O0

1

2
Dro2R2dV0; (2)

where R is the radial distance from the z-axis in the deformed
configuration (R = R�R � R�ez), dV0 is a volume element in the
reference configuration, O0 is the volume occupied by the bead,
A is the area of the deformed boundary and Dr = ro � ri is the
mass density contrast. It’s worth stressing that we assume G
independent of the deformation and the first term on the right
hand side of eqn (2), EG ¼ GA, represents the total interfacial
energy of the system. This assumption, consistent with previous
findings on elastic capsules42,43 and equivalent to the absence of a

Shuttleworth effect,14 will be discussed in the light of the results
reported in Section III. The second and the third terms are
respectively the elastic and the centrifugal energies,44 called later
Ee and Eo. The equilibrium is governed by the minimization of
the free energy, taking into account incompressibility of the
elastic material which amounts to impose that the Jacobian of
the transformation is equal to one:

detF = 1. (3)

B. Biaxial approximation

1. General equations within the biaxial approximation.
To a first approximation, the problem is simplified by assum-
ing a homogeneous and biaxial deformation of the bead. In the
Cartesian coordinate system (x,y,z), the applied centrifugal
forcing gives rise to a prolate ellipsoid with axes X = lbx,
Y = lby and Z = laz. The stretch ratios la and lb are two strictly
positive constants with lb o 1 and la 4 1. This is sketched in
Fig. 1. Eqn (3) further imposes lalb

2 = 1. For a neo-Hookean

material, the strain energy density is Wel ¼
1

2
G0 la2 þ 2lb2 � 3
� �

and the elastic energy defined in eqn (2) reads:

Ee ¼
4

3
pR0

31

2
G0 la2 þ 2lb2 � 3
� �

: (4)

The total interfacial energy defined in eqn (2), is:

EG ¼ GA ¼ G 2plb2R0
2 þ 2plalbR0

2

e
arcsinðeÞ

� �
; (5)

where e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
la2 � lb2

p
la

is the eccentricity of the ellipsoid of

revolution. Finally the centrifugal energy, also defined in
eqn (2) is given by:

Eo ¼
1

2

ð
Dr x2 þ y2
� �

o2dV0 ¼
4p
15

Dro2lb2R0
5: (6)

Using volume conservation, eqn (4)–(6) allow us writing the
total reduced energy density, defined as e ¼ E= G0V0ð Þ with V0

the volume of the bead, as:

e ¼ a
5
la�1 þ

1

2
la2 þ 2la�1 � 3
� �

þ 3b
2

la�1 þ
la2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
la3 � 1

p arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
la3 � 1

la3

s0
@

1
A;

(7)

with

a ¼ DrR0
2o2

G0
(8)

and

b ¼ G
G0R0

(9)

being two characteristic dimensionless numbers. In particular,
a is the Cauchy number and results from the balance between
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inertia and elastic energy, while b is the ratio of the elasto-
capillary length to the bead radius.

For a given set (a, b), the equilibrium shape is given by the
minimization of e with respect to la, i.e. by the solution of the

nonlinear algebraic equation
de
dla
¼ 0, which can be obtained

numerically. The deformation parameter defined as the ratio of
the length (dmax) to the width (dmin) of the deformed shape, or
equivalently la

3/2, obtained numerically by minimizing eqn (7),
is plotted in Fig. 2. Hereafter we derive the analytical expression
for the deformation parameter la

3/2 in the two limiting cases of
small and large deformations and we show that when the latter
are attained a simultaneous measurement of the elastic
modulus and the interfacial free energy is feasible.

2. Small deformation limit. Let us first elucidate the behavior
of the stretch ratio la in the weak deformation limit, corresponding
to Cauchy numbers a{ 1. In this case we can safely write la = 1 + x,
with 0 o x { 1 and approximate the reduced energy density as
follows:

e ’ 1

5
aþ 3b� 1

5
xaþ x2

1

5
aþ 3

2
þ 6

5
b

� �
: (10)

Minimizing with respect to x brings to the following equilibrium
deformation with respect to the bead at rest:

la3=2 � 1 ’ a
10þ 8b

� �
: (11)

Eqn (11) cannot be used to determine separately G0 and G from a
single measurement of la

3/2 as a function of o, since the deforma-
tion cannot be expressed as the sum of two (or more) terms each
containing only a or b separately.

3. Large deformation limit. For a c 1 and la c 1, eqn (7)
can be approximated by the algebraic sum of three terms:

e ’ 1

2
la2 þ

3p
4
bla1=2 þ

a
5
la�1: (12)

The minimization with respect to la brings to:

dmax=dmin ¼ la3=2 ¼
1

2
�3
8
pbþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

64
p2b2 þ 4

5
a

r" #
: (13)

Further expanding eqn (13) for a c 1, we obtain:

dmax=dmin ¼
ffiffiffi
a
5

r
� 3

16
pb: (14)

These asymptotes are plotted together with the complete
expressions of dmax/dmin in Fig. 2 for different values of b. Note
that due to the limited range of a, chosen accordingly with
experiments introduced in Section III, the differences between
the complete expression and the asymptotes remain significant
and increases for increasing values of b. Quite interestingly
eqn (14) decouples a and b, i.e. the effects of elasticity and
interfacial energy on the bead deformation. In other words, for
large centrifugal forcing, the deformation parameter la

3/2 of a
bead is proportional to the rotation speed with a proportion-

ality constant equal to R0

ffiffiffiffiffiffi
Dr
G0

r
. R0 and Dr being easily known a

priori, G0 can then be determined by considering the slope of
la

3/2 versus o; next, the evaluation of a (virtual) intercept equal

to � 3pG
16G0R0

brings to the measurement of G.

G0 and G can then be recovered by considering the large
deformation limit with the biaxial approximation. In the
following, we show that the approximation is not accurate
enough to get precise values of these two quantities. Notwith-
standing this, the main result stays valid: it is possible to
determine both G0 and G by considering the large deformation
limit of a spinning bead.

C. Resolution using the finite element method

This section is devoted to the minimization of eqn (2) with the
incompressibility condition (eqn (3)), using the Finite Element
(FE) method.

We seek the displacement u = R � r by minimizing the
augmented energy (eqn (2)) with the constraint detF = 1.
This last condition is ensured by adding to eqn (2) the
supplementary term ð

O0

p detF� 1ð ÞdV0; (15)

where p is a Lagrange multiplier to be computed together
with u. Because the solution is expected to be axially symmetric,
the displacement vector is expressed in a cylindrical coordinate
system as u = ur(r,z)er + uz(r,z)ez. For this two-dimensional
problem in terms of r and z, the domain D we consider in the
simulation is a disk of radius R0 defined as r2 + z2 o R0

2.
The FE formulation, implemented numerically using the

FEniCS finite element library,45 is here based on the research of
the stationary points of the total energy functional given by
eqn (2) with eqn (15). The displacement vector u and the
Lagrange multiplier p are discretized using Lagrange FEs on a

Fig. 2 Length-to-width ratio dmax/dmin of a deformed bead as a function
of

ffiffiffi
a
p

for different values of b (color coded). Solid lines are predictions
from the biaxial approximation (minimization of eqn (7)). Asymptotes in the
large a limit (eqn (14)) are plotted with dashed lines. Filled circles are the
results of FE calculations discussed in Section II.C.
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triangular mesh. The nonlinear problem in the (u, p) variables
is solved using a Newton algorithm based on a direct parallel
solver (MUMPS,46) by setting G0 = 1, R0 = 1, G = b and Dro2 = a.

Quasi-static simulations are computed by progressively
increasing the interfacial free energy b up to the desired
dimensionless value, then by progressively incrementing the
load parameter a, recording the displacement field and the
Lagrange multiplier, and reaching convergence at each step.
The equilibrium shape of the deformed body are obtained for a
large range of parameters a, b (see Fig. 2 and 3).

Fig. 3 shows that the strain energy density is inhomoge-
neous in the sample, whereas it was assumed to be homoge-
neous within the biaxial in Section II.B. In Fig. 2, the values of
dmax/dmin calculated from the FE method and the biaxial
approximation are compared. The biaxial approximation repro-
duces only qualitatively the deformation behaviour for small to
moderate b (see Fig. 2 for b = 0, 2), converging quantitatively
to the FE results only for larger values of b (e.g. b = 4, 6). Indeed,
the biaxial approximation considers only the average deforma-
tion in the material instead of considering the local deforma-
tion, hence the observed discrepancies. This said, even if a
quantitative analysis requires the use of the more precise FE
calculation, the biaxial approximation provides a rigorous basis
to understand bead deformation and the role played by inter-
facial stresses when elastic objects get deformed.

Inspired by the results obtained in the framework of the
biaxial approximation (Section II.B), we focus on the large
deformation limit. Our simulations still suggest that dmax/dmin

behaves as

dmax=dmin � a
ffiffiffi
a
p
þ b (16)

in the large deformation limit for any tested value of b (Fig. 4),
where a and b are two fitting parameters. Interestingly, the
variations of b as a function of b are far more pronounced than

the variations of a, a result reminiscent with what was obtained
in Section II.B (see eqn (14)).

Let us consider now experiments in which dmax/dmin has
been measured as a function of o. In the regime of large
deformations, we expect from eqn (16) the deformed shape of
the spinning bead to follow dmax/dmin B Ao + B. This is indeed
observed for our polyacrylamide millimetric particles (see Fig. 7
and Section III for more details). Hence A and B can be, in
principle, experimentally determined. In the other hand, we
know from the results of the FE simulations that:

dmax=dmin � aðbÞ
ffiffiffi
a
p
þ bðbÞ ¼ aðbÞ

ffiffiffiffiffiffi
Dr
G0

s
R0oþ bðbÞ: (17)

By identifying A and B within eqn (17), we obtain:

A ¼ aðbÞR0

ffiffiffiffiffiffi
Dr
G0

r
B ¼ bðbÞ:

8<
: (18)

Once the dependence of b on b is obtained from the FE
solution, b can be determined. Then, from the first equation
in (18), one can determine G0 by performing a linear fit of the
experimental data (dmax/dmin versus o) in the large deformation
limit, and finally, the interfacial free energy can be calculated as
G = bR0G0. Once more, this shows that both the interfacial free
energy G and the shear modulus G0 of the bead can be extracted
by fitting the bead deformation as a function of o. To elucidate
better the validity of eqn (16), dmax/dmin is plotted as a function
of aðbÞ

ffiffiffi
a
p
þ bðbÞ for different values of b (Fig. 5). a(b) and b(b)

have been determined by considering deformations dmax/dmin

in the range [2.5,6], accordingly with the domain explored in
experiments discussed in Section III. Even if the asymptotic
regime is never strictly reached in this range for any b, the
linear approximation of dmax/dmin as function of

ffiffiffi
a
p

remains

Fig. 3 Maps of the reduced strain energy density Wel/G0 computed for
b = 1 and different loads: a = 0 (a), a = 5 (b), a = 10 (c), a = 20 (d), a = 30 (e)
and a = 50 (f). The corresponding values of dmax/dmin are respectively equal
to 1 (a), 1.3 (b), 1.6 (c), 2.0 (d), 2.4 (e), 3.0 (f). Unit-length is chosen so that
initial configuration (a) is a disk of radius R0 = 1. By symmetry, a quarter of
the system is enough to completely characterize the deformed con-
figurations of the bead.

Fig. 4 a(b) and b(b) resulting from the fits of the large deformation limit of
function a

ffiffiffi
a
p
þ b on dmax/dmin. The range for the fits is dmax/dmin A [2.5,6],

in accordance with the domain explored in experiments detailed in
Section III. Solid lines result from fourth order polynomial fits for a(b)
and b(b) (see Table 1). Inset: dmax/dmin calculated by the FE simulations as a

function of
ffiffiffi
a
p

for b = 1. dmax/dmin is well approximated by the linear

equation dmax=dmin ¼ a
ffiffiffi
a
p
þ b in the large deformations limit.
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very good. To make our results readily exploitable for future
measurements, we have fitted separately a(b) and b(b) with a
cubic function, namely K1 + K2b + K3b

2 + K4b
3. We report all

values for the coefficients Ki in Table 1 and the result of the fit is
shown in Fig. 4. The collapse of all curves in Fig. 5 confirms
that the approximation dmax=dmin ’ aðbÞ

ffiffiffi
a
p
þ bðbÞ is relevant

for dmax/dmin in the experimental range.2,6

Finally it’s worth noting that in the case a { 1 (small
deformation limit), the expression obtained from the biaxial
approximation seems to hold well in the framework of the FE
calculation (see inset of Fig. 5): all the deformations calculated
for different b-values via FE method collapse on the bisector of
the first quadrant when plotted versus the deformation
obtained under biaxial approximation (eqn (11)). Indeed,
matching the effective local deformation with the overall defor-
mation of the bead is here relevant, because the material
behaviour can be linearized within the limit of the small
deformations.

III Experiments
A. Materials and methods

Polyacrylamide beads are prepared by copolymerization of
acrylamide and N,N-methylenebisacrylamide in the presence
of tetramethylenediamine (TEMED) and sodium persulfate as
initiators, in water. Prior to mixing the constituents, all the
solutions are saturated with nitrogen gas, to ensure the near
insufficiency of oxygen. A given volume of the liquid mixture,
corresponding to the radius of the bead, is transferred to an

Eppendorf tube filled with the fluorinated oil in which all beads
are solidly spun in our experiments. The aqueous droplets are
small enough so that interfacial free energy (C33 � 3 mN m�1

measured by SDT in absence of crosslinker) made them sphe-
rical in oil. The polymerization and interchain crosslinking
stopped after approximately 2 hours. The crosslinker and the
acrylamide monomer concentrations were fixed respectively to
0.00119 � 0.0006 mol l�1 and 0.45 � 0.01 mol l�1 for all
preparations. The same preparation protocol has been pre-
viously employed in our group to synthesize beads in silicon
oil with shear modulus ranging from 13 Pa to 29 Pa.10 Hence
hereafter we will not consider any crosslinker and/or monomer
density variation in the beads, whose effects will be possibly
investigated in a future publication.

However, although the beads have been produced with the
same protocol, we expect to find differences in their properties
due to small uncontrolled variations affecting the preparation
protocol and concerning the crosslinker/monomer molar ratio,
the crosslinker and monomer concentrations, the presence of
oxygen during the synthesis and the purity of the components.
Since we consider beads characterized by low mass fractions of
acrylamide, their mass density can be considered equal to the
density of water at T = 25 1C, ri = 0.997 g cm�3.

All experiments were performed with a Krüss spinning drop
tensiometer (SDT). Rates of rotation were accurate to 1%. The
outer liquid, Fomblin Y oil [linear formula CF3O[–CF(CF3)-
CF2O–]x(–CF2O–)yCF3] of mass density ro = 1.9 g cm�3 was
purchased from Sigma-Aldrich and used without further pur-
ification at 25.0 1C. The temperature of the setup was always set
to 25.0 � 0.5 1C and kept constant using a flow of temperature-
controlled air.

All beads were illuminated by a blue Light Emitting
Diode (LED) with a dominant emission wavelength of 469 nm.
Measurements were performed using a cylindrical capillary with
internal diameter 2Rc = 3.25 mm. Video recording has been
performed by using a CCD camera attached to the SDT with a
field of view 6 mm � 4.5 mm and resolution 2.3 mm. Different
tests were performed with rotation rates ranging from 6000 rpm
to 15 000 rpm. For our beads/oil system the displacement of the
drop off the rotation axis due to buoyancy was smaller than
7 mm for o 4 800 rad s�1, as calculated following ref. 47.
Such unavoidable deviation due to buoyancy is therefore
much smaller than the bead size and of the same order of
magnitude of the resolution of the camera used for the visual
inspection the equilibrium shapes of the beads. The effect of
buoyancy can thus be neglected and the measured deformation
for o 4 800 rad s�1 can be considered as only originated from
the balance between the external forcing and the response of
the material.

Being the refractive index of the background fluid (nb = 1.299)
close to that of water, fluorescent labelling was needed to ensure
sufficient optical contrast and track the bead deformation. Under
the illumination of the blue LED light, fluorescein-rich beads
appear as bright green-yellow regions, since the fluorescein
adsorption and emission spectra (in polar solvents) are peaked
at l E 485 nm and l E 511 nm,32,48,49 respectively.

Fig. 5 dmax/dmin computed from the FE simulations as a function of

a
ffiffiffi
a
p
þ b where a and b are determined as a function of b (see Fig. 4).

Inset: dmax/dmin � 1 as a function of a/(10 + 8b).

Table 1 Coefficients Ki giving the best cubic polynomial fit of a(b) and b(b)
shown in Fig. 4 and discussed in the main text

K1 K2 K3 K4

a(b) 0.4422 �0.02848 1.69 � 10�3 �6.65 � 10�5

b(b) 0.3327 �0.3467 3.12 � 10�2 �1.23 � 10�3
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B. Analysis

Four beads (coded as B1, B2, B3, B4) have been tested in the
SDT in the large deformation limit (dmax/dmin 4 2). Fig. 6 shows
one fluoresceinated bead (B1) under different forcing (from
6000 rpm to 15 000 rpm). For all beads we have extracted the
parameter A and B from the relation dmax/dmin = Ao + B in the
large deformation regime (see Fig. 7), and then, G0 and G have
been deduced following the procedure detailed in Section II.C
(see Table 2).

To check further the validity of our approach for largely
deformed beads, we have rescaled our experimental data with
the same procedure already adopted for the theoretical values
of dmax/dmin (Fig. 8). Fig. 8 shows all values of dmax/dmin

obtained for different synthesis of polyacrylamide beads in
function of the rescaled forcing Ao + B. All data collapse on a
master curve, showing that the large deformation limit is
indeed reached in all cases. The accuracy of our model in
describing the data shows that the interfacial energy does not
depend on the surface area of the bead, excluding the presence
of a Shuttleworth effect.14

The values of the interfacial free energy are found to be
similar among the beads, with a weighted average of G = 28.1 �
3.0 mN m�1 (see Table 2). Error bars could be reduced by
exploring larger values of o, which was not possible with our
SDT. Since our gels are in water, we compare the interfacial

energies of the elastic beads and that of a droplet containing a
non-crosslinked polyacrylamide solution at the same acryl-
amide molar concentration of the beads. Interestingly, we found
Gliq = 33 � 3 mN m�1 for the liquid droplet. Our measurements
are therefore compatible with a negligible contribution of the
polymer network to the interfacial energy.

As a final remark, we stress that the polymerization reaction
used to synthesize the beads occurred into the background
fluorinated oil used subsequently in SDT experiments. On the
one hand, this ensures that the beads are not subject to a
possible contamination that may arise from the synthesis in other
immiscible media and that may affect subsequently the measure-
ment performed in the SDT, notably the measured interfacial
energy. On the other hand this oil inevitably alters the polymeri-
zation process, hence modifying the value of the gel modulus with
respect to other similar synthesis already performed in our
group.10 This deviation, which can be significant for gels with
low elastic modulus, is more pronounced as the contact surface
between the aqueous solution and oil is larger. For this reason, we
could not perform different types of synthesis like those carried
out to produce macroscopic polyacrylamide gels,10,50 whose
modulus can be determined via other methods.10,41 This hampered
a direct cross-check of the values obtained for the shear modulus of
our beads. Further research activity is being carried on in our group
to develop a synthesis protocol enabling to crosscheck the measure-
ment of elastic moduli obtained via a SDT. Despite of that, the
values obtained with the SDT method seem relevant as they are in
excellent agreement with those found via impact experiments10 for
similar polyacrylamide beads, suggesting that the bead deformation
method under centrifugal forcing may serve as an ideal strategy to
measure accurately both the elastic moduli and the surface energies
of soft elastic materials.

4 Conclusions

Due to the interplay between bulk and surface forces acting
simultaneously, isolating the effects of the solid–liquid

Fig. 6 Snapshots of sample B1 (details are given in Table 2) spinning
with angular velocities 6000 rpm (a), 9000 rpm (b), 12 000 rpm (c) and
15 000 rpm (d). The observed deformation is correctly captured by the one
obtained minimizing the total energy using the FE method (Section II.C),
whose result is represented by the white dash-dotted lines. The corres-
ponding values of the load are a = 27 (a), 60 (b), 107 (c) and 167 (d). The
global deformations dmax/dmin are 1.6 (a), 2.2 (b), 3.0 (c) and 3.9 (d).

Fig. 7 dmax/dmin as a function of o for four polyacrylamide beads with
different radius R0 and/or different shear modulus G0. Solid lines are the
results of linear fit dmax/dmin = Ao + B carried out for o 4 800 rad s�1

(see Table 2).
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interfacial free energy constant of a soft solid is challenging.
While for materials with large shear moduli the contribution
of interfacial stresses to deformation can generally be safely
neglected, the equilibrium shapes and the stability of soft
solids under external drives are altered significantly by their
ability to store and/or release interfacial energy. For such
systems, measuring the shear modulus is also a difficult task
since standard rheometric techniques are often confronted
with experimental issues, like wall slip, edge fracture and
instrumental resolution, hampering the accurate measurement
of the material moduli. For this reason, a robust method able to
measure unambiguously both the shear modulus and the
interfacial free energy is highly desirable. In this paper we have
shown that simultaneous measurements of the shear modulus
and the interfacial free energy of elastic materials can be
achieved without contact with a solid surface by analysing the
shape of spinning soft beads. These measurements are based
on a gradual variation of the load, i.e. of the angular velocity of
the bead. This method requires the prior knowledge of the
constitutive equation of the material. Here, in particular, we
have investigated the case the isochoric neo-Hookean model,
valid for polyacrylamide gels. We have shown that the deforma-
tion dmax/dmin of polyacrylamide beads is well approximated by
a linear function of the angular speed for large deformations,
supporting the validity of our model and the absence of
any Shuttleworth effect.14 We have measured the solid–liquid
interfacial free energy for solid particles undergoing large
deformations, and we have shown that, for these systems, the
interfacial free energy is similar to the liquid–liquid interfacial
tension measured in absence of elastic bulk forces. Our results

corroborate a scenario where the deformation of soft amor-
phous polymer materials under an external load can be
described considering one single interfacial free energy para-
meter independent on the deformation. Though it has been
applied to one experimental system, our analysis suggests a
much more general behavior of the interfaces between soft gels
and newtonian fluids or gases, in line with previous results.9,51,52

For materials following another known constitutive law (like the
Gent model53 or Mooney–Rivlin model54), the method described
here also applies provided that this elastic law is accounted for in
the simulations so that the functions a(b) and b(b) are properly
determined. We hope that our work motivates further research
both to improve and adapt SDT apparatus to the measurement of
the elastic modulus of soft materials and to generalize our results
to different elastic and viscoelastic systems.
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General conclusions and perspectives

The aim of this thesis was to study the expansion dynamics of viscoelastic liquid sheets
after impact in order to better understand and evaluate the roles of bulk elasticity, surface
tension and viscosity as well as the different modes of dissipation during the entire process.
Additionally, the evolution of the rim present at the edge of the expanding sheet and the
deformation of elastic beads under rotation were investigated.

The impacts of Newtonian, shear-thinning polymer solutions and model viscoelastic
fluids, which behave as Maxwell fluids, are investigated taking advantage of the simplified
dissipation process provided by the cold Leidenfrost effect. The sheet expansion takes
place in non-wetting and slip conditions, where two regimes were identified for its maximal
expansion. A capillary regime where the maximal expansion does not depend on the
viscosity and is controlled by the surface tension forces, and a viscous regime where the
viscous forces overtake the capillary forces, resulting in a reduced expansion. The reduced
expansion is the result of biaxial extensional viscous dissipation occurring during the
impact process. This dissipation may be characterized by the biaxial extensional viscosity,
which is, for the Newtonian fluids, ηB = 6η with η, the shear viscosity. For the polymer
solutions, we observed a strong enhancement of the maximal expansion, which was ex-
plained by accounting for their thinning behavior. Our strategy has been to define an
effective biaxial extensional thinning viscosity, ηshiftB , obtained by taking the value of ηB of a
Newtonian fluid which yields the same expansion factor as the polymer solution of interest.

We have investigated Maxwell fluids characterized by low elastic moduli and relaxation
times spanning over almost two orders of magnitude. For these fluids, no simple correlation
could be made between the experimental results for dmax, the maximum diameter reached
by the sheet, and the time for it to be reached, tmax, and the viscosity, bulk elasticity or
relaxation times of the samples. To rationalize these results, we developed a theoretical
model based on energy conservation arguments, which allows a simplified description of
the sheet deformation mechanism using a non-linear damped harmonic oscillator model.
In the model, the damping coefficient changes with time and is proportional to an effective
biaxial extensional viscosity, which, for the viscoelastic samples, accounts for the dynamics
of the expansion by considering the viscous part of the complex modulus at an average
extensional rate. The undamped angular frequency of the oscillator in this model is
a combination of the surface tension and the effective modulus, which is calculated by
evaluating the elastic part of the complex modulus for the average extensional rate. The
numerical predictions for dmax and tmax obtained when using this model, with no adjustable
parameter, are in good agreement with the experimental data.

Impacts on a small target leads to a deformation mode, which combines shear and bi-
axial deformation. We evaluate the competition between the different modes of dissipation
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in the mixed flow resulting from the impact on, first, a small target of size comparable
to that of the drop and, subsequently, on targets of increasing sizes. When a drop is
impacted on a target, part of the expanding sheet remains in close contact with the target
while the rest of the sheet expands in the air. On the small target, the two sources of
dissipation are of the same order of magnitude for the Newtonian fluids, which was not
the case for the strongly rheo-thinning solutions considered based on supramolecular
polymer (EHUT). For the EHUT solutions, the dominant mode of dissipation originates
from biaxial extensional viscous dissipation. Therefore, the biaxial thinning extensional
viscosity is found to control the maximum expansion of the strongly shear-thinning vis-
coelastic sheets made of EHUT solutions on the small target. Quantitatively assessing
the competition between shear and biaxial extensional viscous dissipations, we show a
dependence of the shear dissipation energy with the size of the target to the power of
four. We investigate this dependence in a second part of this chapter, by increasing
progressively the size of the target. As the size of the target increases, the contribution of
biaxial extension to the dissipation is increasingly dominated by the shear contribution.
The maximal diameter reached by the Newtonian sheets is satisfyingly described by
an analytical equation based on an energy balance neglecting the biaxial extensional
dissipation, which goes from comparable to negligible for increasing target size. This
same prediction was used to rationalize experimental results from the impact of polymer
solutions. However, even when accounting for the thinning behavior of the viscoelastic
polymer solutions, the agreement between experimental results and theory is not as satisfac-
tory as for Newtonian fluids due to a larger contribution of biaxial extension to dissipation.

Additionally, we provide thickness field measurements of Newtonian liquid sheets of
various viscosities expanding on a nitrogen vapor layer. For the first time, to the best
of our knowledge, the shape of the rim cross-section is unveiled. We have demonstrated
a cross-section different from the circular shape usually assumed. The filling rate and
filling velocity of the rim were measured. Comparison with theoretical predictions showed
that the inertial forces, which are commonly neglected, must be accounted for to properly
model the rim dynamics. Additionally, we show that, even though viscosity does not
affect the rim growth after its emergence, the time at which the rim appears is governed
by viscosity a viscous time that depends on viscosity and surface tension.

We have deviated from the study of drop impact to look into the biaxial deformation
of elastic beads under rotation in a denser fluid. We showed that in the limit of strong
deformation, the effect of bulk elasticity can be decoupled from the one of the interfacial
energy. We obtained simultaneous measurements of both the interfacial tension and elastic
modulus of soft elastic beads, for which elasto-capillary effects prevent to overlook one
over the other. This work constitutes a first step toward the study of the deformation of
elastic and viscoelastic systems under rotation and the use of spinning drop tensiometer
apparatus to measure the elastic modulus of soft materials. Preliminary experiments
were performed with drops of micro-emulsions and wormlike micelles. The extension and
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relaxation of the drops after a sudden increase or decrease of the rotational velocity was
measured. The time evolution of the drop length following the increase (decrease) of the
rotational speed showed a rapid increase (decrease), which continued to evolve after more
than thousands of seconds, hinting to a first rapid dynamic followed by an extremely slow
dynamic. This behavior is yet to be understood and will be the subject of complementary
efforts.

Overall, this work has permitted to establish the mechanism of dissipation in liquid
sheets expanding freely on a liquid nitrogen vapor cushion or on targets of different
sizes. We demonstrate the biaxial extensional dissipation to be the relevant dissipation
mechanism for a free liquid sheet expanding on a repellent surface. Finer analysis of the dis-
sipation processes in an expanding liquid sheet could be done by looking into the different
mechanisms of dissipation which were overlooked in the frame of this thesis such as the edge
effects, the compression of the gas or the dissipation caused by fluid recirculation in the rim.

A very promising instrumental aspect of the work presented here is the prospect of a
new type of biaxial extensional rheometer which can measure the rheological values of
viscoelastic samples under pure biaxial extensional deformation but also under mixed flow
fields. The latter, which is more relevant to real life situations, is obtained by gradually
introducing shear thanks to increasing target sizes. Measuring the response under biaxial
extensional deformation of viscoelastic fluids is still very problematic, especially in the
case of fluids of low viscosity. Furthermore, this new type of rheometer using drop impact
would give access to large biaxial extensional deformations and shear rates which cannot
be reached by traditional rheometry but which are relevant in industrial processes. To
develop experimental set-ups toward this goal, we could implement a pressure sensor to
measure the stress.

The rim bounding a sheet has been well described for Newtonian fluids. Generalizing
our model to viscoelastic fluids using the same experimental tools would allow one to
evaluate how and if viscoelasticity affects the existence and dynamics of the rim. Figure
A shows a sheet of PEO solution at maximal expansion next to a Newtonian sheet of
the same zero-shear viscosity. These two snapshots let us presuppose different results for
viscoelastic samples. This suggests that elasticity is expected to play a role on the rim
dynamics and instabilities.

Moreover, studying the effect of viscoelasticity on instabilities is yet to be explored.
Instabilities occurring during expansion of Newtonian liquid sheets have been extensively
studied, which is not the case of instabilities of sheets produced from viscoelastic fluids.
Though, nucleation and growth of holes during the biaxial extension of viscoelastic sheets
is an important problem for polymer processing. We observed this anomaly for sheets
of wormlike micelles and micro-emulsions of high elasticity impacting on liquid nitrogen
(see Figure B). The experimental conditions considered here provide a favorable setting
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a) b)

Figure A: Sheets at maximal expansion of a) glycerol/water mixture and b) PEO solution
of same zero shear viscosity (η0 = 270 mPa s). The scale bars are 5 mm.

to observe the nucleation and growth of holes in viscoelastic liquid sheets thanks to the
transparency of the substrate. Moreover, the problem is simplified by the fact that the
instabilities observed in this situation are resulting from the biaxial extensional deforma-
tion, the shear being ruled out of the equation.

a) b)

Figure B: Sheets of a) wormlike micelles with φ = 6% and α = 0.048% b) bridged
micro-emulsions with C18, φ = 3% and r = 8. The scale bars are 5 mm.

Another type of destabilization worth studying, particularly in these times when the
question of airborne transmitted diseases is on everyone’s lips, is the ejection of secondary
droplets or spray after the impact of a saliva drop. Saliva is a viscoelastic fluid composed
of water, ions and proteins. Preliminary experiments were performed with saliva with the
aim of understanding and predicting its destabilization after impact on a small target.
Figure C shows a snapshot of a sheet, in the retraction phase, produced by the impact of
a drop of saliva at high velocity (v0 = 6 m/s) on a small target. Very long filaments are
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connected to the lamella but no ejection of droplets is observed. Modifications could be
made to the experimental set-up to increase the impact velocity in the hope of observing
the destabilization of the sheet into a spray.

Figure C: A sheet of saliva drop impacted at v0 = 6 m/s on a target with dT = 5 mm.
The scale bar is 5 mm.

To conclude, the work presented in this thesis and the remaining open questions proves
once again that the interest for drop impact, and more generally their deformation, spans
from drawings of Leonardo da Vinci to contemporary concerns.
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Gouttes et billes sous grande déformation biaxiale :
le rôle de la viscosité et de l’élasticité.

Résumé: La compréhension des phénomènes de déformation de gouttes après impact constitue un enjeu
considérable pour des secteurs industriels tels que l’impression par jet d’encre, l’application de pesticides,
le revêtement par pulvérisation, etc. Poussés par ces motivations, nous étudions les déformations subies
par des gouttes de fluides Newtoniens, rhéo-fluidifiants, et de gels transitoires après impact, et de billes
élastiques molles dans une autre configuration expérimentale.

Dans un premier temps, les gouttes sont impactées sur une surface couverte d’une fine couche d’azote
liquide qui en s’évaporant fournit les conditions idéales pour étudier la déformation de nappes liquides
grâce à un effet Leidenfrost froid. Dans ces conditions, deux régimes sont identifiés : un régime capillaire
pour lequel le diamètre maximal de la nappe ne dépend pas de la viscosité du fluide et un régime visqueux
pour lequel celui-ci décroit lorsque la viscosité augmente. Cette décroissance est due à la dissipation
visqueuse lors de l’extension de la nappe et est contrôlée par la viscosité extensionnelle biaxiale. Pour des
solutions polymériques, nous montrons que cette viscosité prend en compte le caractère rhéo-fluidifiant du
fluide. Dans ces conditions, nous avons impacté des fluides plus complexes qui se comportent comme des
fluides de Maxwell. Un modèle d’oscillateur harmonique amorti non linéaire prédit le diamètre maximal
de la nappe, dmax, ainsi que le temps, tmax, nécessaire pour atteindre dmax. Un bon accord quantitatif
entre expérience et théorie est obtenu pour des fluides Newtoniens jusqu’à des viscosités élevées et des
fluides de Maxwell dont le temps de relaxation caractéristique est plus grand, plus petit ou comparable
au temps caractéristique de l’expérience, tmax.

Dans une deuxième partie, les gouttes sont impactées sur de petites surfaces solides, appelées cibles,
complexifiant le champ d’écoulement auquel les gouttes sont soumises. En effet, la portion de la nappe se
trouvant en contact avec la cible est soumise à un cisaillement qui engendre une dissipation visqueuse de
cisaillement et la portion s’étendant hors de la cible est uniquement sujette à la dissipation extensionnelle
biaxiale. Nous prédisons l’expansion maximale de la nappe en fonction de la viscosité pertinente identifiée
en évaluant quantitativement les dissipations dues au cisaillement et à l’extension biaxiale. Nous montrons,
finalement, une corrélation entre le diamètre maximal de la nappe et le diamètre de la cible. A nouveau,
l’importance de considérer le caractère rhéo-fluidifiant des solutions de polymères, pour rationaliser les
résultats expérimentaux, est démontrée.

Nous nous intéressons ensuite à l’émergence et à la dynamique du bourrelet entourant une nappe
visqueuse en expansion. Nous présentons des mesures directes du champ d’épaisseur de la nappe qui
permettent de mesurer les évolutions temporelles de la forme et du volume du bourrelet. Un modèle
analytique est développé pour prédire la vitesse et le taux de remplissage du bourrelet. Nous identifions
et comparons les importances relatives des contributions de la tension de surface, des forces d’inertie et
de la viscosité à la vitesse de remplissage. Nous montrons que la contribution des forces d’inertie ne peut
être négligée. Un très bon accord est trouvé entre valeurs théoriques et expérimentales.

Finalement, nous utilisons un tensiomètre à bille tournante pour étudier la déformation biaxiale de
billes élastiques molles. Ce dispositif permet de déformer une bille élastique immergée dans un fluide plus
dense par la mise en rotation autour de son axe d’un capillaire qui les contient. Avec l’hypothèse d’une
déformation homogène de la bille, nous parvenons à découpler théoriquement la mesure du module élas-
tique de celle de la tension de surface. Ces mesures sont confrontées avec succès aux mesures expérimentales.

Mots clés: impact de gouttes, nappe liquide, viscoélasticité, déformation biaxiale, mécanismes de
dissipation





Drops and beads under large biaxial deformation:
the role of viscosity and elasticity.

Abstract: Comprehending the deformation of drops upon impact constitutes a major challenge for
industrial sectors such as ink-jet printing, pesticide application, spray coating, etc. For this reason, we
study the biaxial deformation of drops of Newtonian, rheo-thinning and Maxwell fluids following their
impact, and of soft elastic beads using another experimental configuration.

First, viscous drops are impacted on a surface covered by a thin layer of liquid nitrogen, which by its
evaporation creates the ideal non-wetting and slip conditions provided by the cold Leidenfrost effect. In
these experimental conditions, we identify two regimes: a capillary regime where the maximal diameter
reached by the sheet, dmax, does not depend on the viscosity of the fluid and a viscous regime where
dmax decreases as the viscosity increases. This decrease is due to the viscous dissipation taking place
during the sheet extension. The dissipation is governed by the biaxial extensional viscosity. For polymer
solutions, the biaxial extensional viscosity takes into account the rheo-thinning nature of the fluid. In
the same experimental conditions, we also impact viscoelastic Maxwell fluids. A non-linear damped
harmonic oscillator model predicts the maximal diameter, dmax, reached by the sheet as well as the time,
tmax, needed to reach dmax. Good quantitative agreement is found between experiments and theory for
Newtonian fluids of various viscosities and Maxwell fluids with characteristic relaxation times smaller,
larger or comparable to the characteristic time of the experiment, tmax.

In a second part of this work, the drops are impacted on small solid surfaces, named targets,
complicating the flow field undergone by the sheet. The part of the sheet in contact with the target
is subjected to shear, and shear viscous dissipation develops. On the other hand, the part expanding
freely outside of the target only suffers dissipation caused by the biaxial extensional deformation of the
sheet. We predict the maximum expansion factor of the sheet as a function of the relevant viscosity by
evaluating quantitatively the viscous dissipation due to shear and biaxial extensional deformations. We
finally show a correlation between the maximal diameter reached by the sheet and the target size. Once
again, the importance of considering the rheo-thinning behavior of the polymer solutions to rationalize
the experimental results is emphasized.

We then investigate the emergence and dynamics of the rim formed at the free edge of an expanding
viscous sheet. We provide direct measurements of the sheet thickness field, allowing the measurement
of the time evolution of the shape and volume of the rim. We develop an analytical model, which
predicts the filling rate and velocity of the rim. We identify and compare the relative importance of the
contributions due to surface tension, inertial forces, and viscosity to the filling velocity. We show that the
contribution of the inertial forces cannot be neglected. We find a good quantitative agreement between
the experimental and theoretical values for the filling rate and velocity.

Finally, we use a spinning drop tensiometer to measure the biaxial deformation of soft elastic beads.
The set-up allows the deformation of a soft elastic bead immersed in a denser fluid by putting in rotation
along its axis a capillary containing the bead and fluid. Under the assumption of homogeneous deformation
of the bead, we obtain a theoretical decoupling of the measurement of surface tension and elastic modulus,
which was confirmed by a confrontation with the experimental values.

Keywords: drop impact, liquid sheet, viscoelasticity, biaxial deformation, dissipation mechanisms
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