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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
thanks 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.

INTRODUCTION

Over the last 15 years, the understanding of drop im-
pact on solid targets has progressed considerably thanks
to high-speed imaging methods [1], allowing one to ob-
serve in real time the fate of a drop upon impact un-
der various experimental conditions and to probe a rich
variety of phenomena, including dynamics of sheets in
the expansion and receding regimes, spatio-temporal evo-
lution of the thickness of the sheets [2, 3], fingering
instabilities [4-6], 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 stud-
ies with shear-thickening fluids [10], shear-thinning flu-
ids [11-17], yield stress fluids [18] or Maxwell fluids with-
out shear-thinning [19, 20]. Most studies have been per-
formed on drops impacting a flat surface that can be
smooth or rough [21], horizontal or tilted [22], hydropho-
bic or hydrophilic [23]. Often, surfaces have a very large
size compared to that of the drop such that the en-
tire 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 sur-
face 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 superhydropho-
bic surfaces [31], hot plates above the Leidenfrost tem-
perature [32, 33] or sublimating surfaces [20, 34]. Nev-
ertheless, 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 pro-
cess. 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 dur-
ing 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 com-
pletely on a solid surface, viscous dissipation should be
dominated by shear. For small targets however, both
shear and biaxial extensional viscous dissipation pro-
cesses may be relevant: this is the goal of a future pub-
lication. In the present paper, only biaxial extensional
viscous dissipation is relevant as the sheet expands freely
thanks 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 ac-
counting for the viscous dissipation due to biaxial exten-
sional viscosity during the expansion of the sheet is cru-
cially important. We provide a simple approach to evalu-
ate the biaxial extensional viscosity of thinning viscoelas-
tic fluids, and finally propose a model to quantitatively
account for the viscosity dependence of the maximum ex-
pansion 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 repel-
lent 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.

MATERIALS AND METHODS

Materials

We investigate solutions of polyethylene-oxide (PEO)
of high molecular weight (M, = 8000 kDa) from Sigma-
Aldrich. Several samples with concentration C' between
1073wt% and 2wt% are prepared by adding PEO pow-
der, as received, to the appropriate volume of deionized
pure water, or mixtures of water and glycerol (20wt%,
35wt% and 41.66wt% glycerol), and letting the solution
under stirring at T = 25°C for 24 hours 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 0.025wt%. The surface tension of high
molecular weight PEO solutions is independent of poly-
mer concentration (7 = 62mNm~1!) [36]. Pendant drop
experiments confirm that the addition of dye does not af-
fect 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
mPa.s to 1075 mPa.s and an average surface tension of 20
mN/m [37], are purchased from Sigma Aldrich and used
as received. Mixtures of water and glycerol with concen-
trations ranging from 22 to 97.5 wt% glycerol are pre-
pared, yielding shear viscosities from 1.7 mPa.s to 1910
mPa.s ( depending on the glycerol weight fraction and
temperature), densities from 1.05 g/ml to 1.25 g/ml, and
an average surface tension of 65 mN/m (as measured with
a pendant drop set-up).

Methods
Drop impact experiments

To substantially eliminate the role of friction or ad-
hesion 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 (N3) at
T = —196°C (see fig. 1). The setup is described else-
where [20]. Upon impact of the drop, a vapor cushion
forms at the liquid interface due to the evaporation of
Ny, providing a unique scenario of non-wetting slip con-
ditions 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 vapour film keeps the liquid
drop separated from the surface for all the reported ex-
periments. Before each impact, the quartz slide is first
cleaned by blowing Ny gas and then a thin layer (typical
thickness 50 nm as measured by ellipsometry) of liquid Ny
is deposited on the slide. The liquid is injected from a sy-
ringe 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, dy = 3.9+0.2
mm, as measured by image analysis and confirmed from
the drop mass. The drop falls from a height A = 91 cm,
yielding an impact velocity vg = v/2gh = 4.2 ms™1(g is
the acceleration of gravity).The drop impact is recorded
from the top (Fig.2a) using a high-speed camera (Phan-
tom V 7:3) operated at 6700 frames/s with a resolution
of 800 x 600 pixels?. The angle between the camera axis
and the horizontal plane is fixed to about 10°. A sec-
ond high-speed camera (Phantom miro M310), operated
at 3200 frames/s with a resolution of 1280 x 800 pixels?,
is eventually used simultaneously to record a side view
(Fig.2b).

Image analysis

The time evolution of the sheet size is measured with
ImagelJ 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 al-
lows us to determine the sheets contour and measure its
arca A. Note that A does not include the fingers emanat-
ing from the rim of the expanding film; they may appear
for low viscous samples (Fig.2), but do not develop for
more viscous ones ( Fig.4). An apparent sheet diameter is

simply deduced: d = %. The results are obtained by
averaging for each sample the time evolution of the sheet
diameter from three different experiments. Note however

that corrections have to be performed for low viscosity
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FIG. 1. Left: Schematic illustration of the impact experi-
ments setup showing a drop falling on a liquid nitrogen thin
layer. The expansion event is recorded using two fast cam-
eras allowing concomitant top and side visualizations. Right:
adapted from [34], schematic of the inverse Leidenfrost effect
at the origin of the shear free expansion.

samples. Indeed, side view images reveal the occurrence
of a so-called corona splash (Fig.2b) [8] , for low vis-
cous Newtonian samples. This implies that the routine
standard analysis using top view images would underes-
timate the maximum expansion diameter. The side view
allows one to evaluate the actual diameter of the sheet
(see fyax in Fig. 2b). The fractional underestimation,
defined as %7 with dyax the maximum diameter
measured from top-view images, is plotted as a function
of the samples zero-shear viscosity, 79, in Fig.2c. We find
that the fractional underestimation decreases logarithmi-
cally with 7, from about 22wt% for the lowest viscosity
sample and vanishes for 79 > 100 mPa.s. Hence, in the
following, quantitative corrections are made for the max-
imum expansion diameter based on the empirical loga-
rithmic law. For samples with a shear viscosity larger
than 100 mPa, the sheet remains flat and no correction
is needed.

Rheology

Linear viscoelastic and steady shear viscosity measure-
ments 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 an-
gle of 1° and truncation of 101 pm. Temperature con-
trol (£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 (v = 10%), varying the
angular frequency, w, from 100 to 0.01 rad/s, and mea-
suring the storage, G’ (w), and loss, G” (w), moduli. The
complex viscosity is calculated from the linear viscoelas-
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FIG. 2. (a): Top view and (b): side view snapshots of the
maximum expansion of a low viscous Newtonian sample (22
wt% Glycerol/water mixture), revealing that the effective di-
ameter dyax from the top view underestimates the maximum
expansion of the sheet fyrax.(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).

tic spectra as |[n*(w)| = w The steady

shear viscosity, (%) is measured by applying a ramp of
steady shear rate varying from 0.01 to 1000s!.

RESULTS
Shear Rheology

Figure 3a shows the dynamic moduli as a function of
oscillatory frequency for aqueous polymer solutions with
various concentrations. For C' > 0.6wt%, the crossover
of G’ and G” marks a characteristic relaxation time 7,
which is the best estimate for the onset of the terminal
regime. Figure 3¢ shows that 7o ~ CY%44s. 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. 3c).

The zero shear viscosity, 19, varies by more than 5 or-
ders of magnitude from 1 mPa.s to 10° mPa.s for the sam-
ples investigated. The variation of 7y with polymer con-
centration, C', reveals the two expected regimes (fig. 3d):
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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.

an unentangled regime for C' < 0.27 %, where the vis-
cosity increases slowly with the polymer concentration,
and an entangled regime at larger concentration, where
ny o< C*7, in agreement with predictions by scaling ar-
guments based on the tube model [40].

Figure 3b depicts the complex viscosity, |n*(w)| as a
function of frequency, along with the steady shear vis-
cosity, n(¥) as a function of shear rate, 4. The nice col-
lapse 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. 3b) [42].

1(3) = e + e (1)

Here, 1., is the viscosity at very large shear rate
that we set equal to the solvent viscosity (water or wa-
ter/glycerol mixture), 1o is the zero-shear viscosity (plot-
ted in fig. 3d), 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 in-
creases with increasing C' from 0.59 to 0.85. Moreover,
for all concentrations the fitting parameter & is mono-
tonically increasing with C, similarly to the characteris-
tic relaxation time 7y, and it marks the onset of shear-
thinning.

FIG. 4. Snapshots taken at different times, as indicated, dur-
ing the expansion and retraction of the sheet for (a) a New-
tonian silicon oil with shear viscosity 1o = 658 mPa.s ; max-
imum expansion reached at time tmae = 5.22 ms and (b) a
PEO solution with C = 0.6wt% and 79 = 628 mPa.; max-
imum expansion reached at time t,,q; = 5.02 ms. The bar
sets the scale.

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 over-
all behavior is illustrated in figure 4 that depicts snap-
shots of the drop after its impact for a PEO solution with
C = 0.6% (no = 628 mPa.s) and for a Newtonian sam-
ple of comparable zero-shear viscosity (19 = 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 (fig. ba,b) selective raw data for
the time evolution of the effective sheet diameter normal-
ized by the original drop, d%, for PEO solutions at dif-
ferent concentrations and Newtonian liquids (here silicon
oils, but water/glycerol mixtures exhibit the same behav-
ior) 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 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 de-
fined as ng = 7722 where ¢ is the strain rate, and ..

and o, are the stress tensor components in cylindrical
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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 vis-
cosities, as indicated in the legends. The origin of the time is
taken at the drop impact.

coordinates.

For a Newtonian fluid the constant biaxial extensional
viscosity ng = n = 610, where 7 is the zero-shear vis-
cosity 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, dyax/do, with dg the ini-
tial drop diameter and plot (fig. 6a) this quantity as a
function of the biaxial extensional viscosity n%. Note
that the shear viscosity is measured at the room tem-
perature 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 n3 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 con-
trast, in the viscous regime at higher 17%, dyiax decreases
monotonically with increasing viscosity.

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

s dyax
d= 2
&, .

where dyi 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 ac-
count for different surface tensions for different samples,
data are plotted against the biaxial extensional Ohne-
sorge number, Ohpg, the ratio of biaxial extensional vis-
cous forces to inertial and surface tension forces:

0
B
Ohpp = ———
B0 VvV pydo 3)

with p the sample density and ~ the surface ten-
sion. Figure 6b shows the evolution of d with Ohpg 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
Ohgo S Oh§, = 2) characterized by a plateau, followed
by a biaxial extensional viscous dissipation regime. We
find that for the thinning fluids, the onset of the viscous
regime takes place at approximatively the same critical
biaxial extensional Ohnesorge number Ohg, as for New-
tonian liquids. Interestingly, however, d decreases much
more gradually with Ohpg as compared to Newtonian
fluids in the viscous regime. This clearly suggests the
importance of a biaxial extensional thinning of the poly-
mer 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.

DISCUSSION
Rationalization of biaxial extensional thinning

From the data of figure 6b, one can easily define
an effective biaxial extensional thinning viscosity 'r/]s?)hift
for polymer samples belonging to the viscous regime
(Ohpy > Ohgy) 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
(Ohgy < Ohg,) since viscous dissipation is not relevant.
Doing so we build a master curve (fig. 7) for the maxi-
mum expansion d as a function of OREM™ for all types
of samples, where the effective biaxial extensional Ohne-
sorge number OhEMM = Ohpg for Newtonian samples
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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.

and viscoelastic thinning samples in the capillary regime
and OhLh® = %Oh]go 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.

Determination of the pertinent strain rate

Experimentally, measuring properly the biaxial exten-
sional viscosity is a challenging task, especially for rel-
atively low viscosity fluids such as the present poly-
mers [45-51]. In order to rationalize nii™, the first step
is to properly account for the deformation rate experi-
enced by sheets during their expansion in air. Here, we
provide an estimate.

The effective strain rate, defined as ¢ = 557, 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
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FIG. 7. Normalized maximum expansion factor as a func-
tion of the effective biaxial extensional Ohnesorge number for
polymer solutions and for the two classes of Newtonian sam-
ples. 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.

here we focus on the maximum diameter (end of expan-
sion process) and measure the average rate experienced
by the sheet during the expansion . The average value for
the strain rate in the expansion regime is then calculated
as:

TMax -d
Eav = fO il (4)

fOT Max e e

Here ryrax = d“g""‘ is te radius of the sheet at its max-
imum 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 a lot with concentration. Indeed, we ob-
tain a value of 338+49 s~ ! by averaging over all samples,
including the PEO solutions prepared in glycerol/water
mixtures.

biazial extensional viscosity

Given the difficulty in obtaining reliable experimen-
tal data for the biaxial extensional viscosity np(€) with
our samples, we attempt at providing reasonable estima-
tions To this end, we rely on two pioneering experimen-
tal 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 tech-
niques and different samples, i.e. wormlike micelles in
Ref. [52] and concentrated polymer solutions in Ref. [47].
At low Weissenberg numbers (Wi = éry < 1), ie., for
rates lower than the inverse of the terminal relaxation
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dard deviation from three different experiments.

time, 7¢, the biaxial extensional viscosity is independent
of the rate and follows the expectation for a Newtonian
fluid: np = 7Y = 61y with 779 the zero-shear viscosity. By
contrast, when Wi > 1, the biaxial extensional viscosity
decreases with rate, np ~ 7P with a thinning exponent
p = 0.5 [47]. This scaling has been also predicted by Mar-
rucci and Tanniruberto [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 [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:
Wi = 79é,v, where 79 is given by linear shear rheology
measurements for the data showing crossover between G
and G and extrapolated, according to the power law pre-
sented in (fig. 3¢), for data without the crossover (0.5wt%
and 0.6wt% ); €,y is measured from experiments (fig. 8b).
The effective biaxial extensional thinning is character-
ized by the experimental data points (Wi, nghift) where
it are obtained from fig. 7. We show in figure 9 the
variation of the normalized effective biaxial extensional
viscosity of PEO solutions nif /(61) as a function of the
effective Weissenberg number Wi 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 val-
ues and those from the literature, even though the expan-
sion sheet dynamics that result from the impact of drops
are non-stationary, supporting our simple approach.
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FIG. 9. Effective biaxial extensional viscosity of PEO solu-
tions, 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 ex-
ponent of —0.5 in agreement with theoretical predictions (see
text). The grey zone highlights the -0.5 slope.

Rationalization of the maximal expansion by
considering the biaxial deformation

To go one step further, we provide below scaling laws
to account semi-quantitatively 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 con-
sider the capillary regime, for which the initial kinetic en-
ergy is assumed to be fully converted into surface energy
at the maximum expansion of the sheet:

1 ca
imvg ~ 21y (dyge, )? (5)

where m = prd3/6 is the mass of the drop and dy;-, 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
§mvg ~ 27yd3.. + Fi (6)

Combining Egs.5 and 6, we obtain for the normalized
maximum expansion factor, d



~  dyax 2F
q= e _ [y 2o M
dMax mug

with Ep the biaxial extensional extensional energy dis-
sipated during the process of sheet expansion. To a first
approximation, Fp can be written as:

tMax
Ep =~ / dt/ op(€)édV (8)
0 1%

where V' = %31 is the volume of the drop, op(¢) =
1nBe, and fyax 1S the time to reach maximum expan-
sion. Hence, assuming also a volume conservation with
a uniform thickness sheet , Eq. 8 can be rewritten as:

xd3 [™Max /1 9d 2
Ep ~ ng—2 —-— ] dt 9
ammg [ (35 Q

Using a simple first order scaling approach to calculate
the strain rate, we consider % ~ %ﬁ and a geo-
metric average between the initial and final values of the

sheet diameter, d ~ v/dydmax, Eq. 9 reads:

7d3 (dntax — do)’
Ep~ng—2~—2 2
B s 6 dMax{;Max

(10)
2
Here, can be considered as an apparent ve-
locity, vapp, close to the initial expansion speed of the
drop upon impact. Combining Egs. 7 and 10 together
with the definition of the biaxial extensional Ohnesorge
number, one predicts:

d=+/1—-aOhg (11)

with a = %LU% and v, = \/% is the typical velocity
of free oscillations of the drop [55]. We find that the func-
tional form of Eq. 11 reproduces very nicely the experi-
mental data (fig. 7) which implies that vapp, is approxima-
tively constant. The best fit of the data (continuous red
line) yields, for all concentrations, o = 0.06 + 0.02 where
the error bars are used to obtain the two envelops of the
data (dashed black lines). This value is compared to the
theoretical expectations for the parameter . For New-
tonian fluids, vapp = 2.3+1.2m/s, thus o = 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 justify-
ing the relevance of our approach.

CONCLUSION

Drop impact experiments on repellent surfaces have
been performed with Newtonian fluids and shear-
thinning polymer solutions. Two regimes for the maxi-
mum 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 in-
creasing viscosity. We have demonstrated that the dom-
inant source of viscous dissipation is the biaxial exten-
sional deformation during sheet expansion, which conse-
quently controls the maximum expansion of the sheets
in the viscous regime. We have provided a scaling pre-
diction 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 sim-
ple approach to measure the biaxial extensional thinning
viscosity based on the maximum expansion factor of a
freely expanding sheet: the relevant characteristic thin-
ning viscosity, is simply given by the viscosity of a New-
tonian 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 consid-
ers 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 rheometry tools based on drop impact
experiments, but needs further investigations (in current
progress) including drops of different diameters , and dif-
ferent impact heights .
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