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Abstract. The present study aims to understand the influence of small quantities of poly-ethylene oxide (PEO)
diluted in pure distilled water with concentrations of 50, 100 and 200 parts per million (ppm) in the impact
phenomenon of drops onto substrates of Parafilm M, aluminium and glass. Both the static aspects (i.e., maximum
spreading area) and the dynamic aspect (i.e., recoiling velocities), and different parameters of contact angle
oscillations of the droplet are analysed. Results show that the maximum spreading diameter, dissipation
mechanisms, and oscillations period all increase with the release height. Unlike contact angles oscillations envelope
which gets thinner, oscillations length decreases with the increase of release height. Polymer concentration
influences the maximum spreading base diameter of drops on non-hydrophobicsubstrates, i.e., higher concentration
slows down recoiling velocities, reduces oscillations length, enhances dissipation mechanisms, and influences
oscillations period as well. In addition, the wettability of substrates influences the spreading phase, drop rebound,
and can damp recoiling of the polymer drops. A hydrophilic substrate reduces the oscillations length, increases their
period and lessens their amplitude decay. The dependence of oscillations on the concentration illustrates a clear
different behaviour on Aluminium surfaces (hydrophilic) and on Parafilm M surfaces (hydrophobic). The initial

amplitude and the damping rate were analysed and related to the concentration.

1 Introduction

The effective wetting and control of evaporation time are
among the most challenging problems in agricultural
industry, since it is closely related to the public and
environment protection [1-3]. Controlling the spreading
and impact of droplets in spray applications in general is
paramount. The development of chemical additives has led
to more efficient spraying systems and therefore the usage of
sprays such as in herbicides and pesticides is more stream-
lined, so as to fit with the rigorous toxicological regulations.

There are two possible scenarios at impact, in the case of a
small impact velocity it can spread then recoil, however at
higher impact velocity it can splash and form secondary
droplets [3]. As for the morphology of leaves of most plants,
the surfaces are characterized by an outer wax-like layer,
which is a typical non-wetting substrate. In such circum-
stances, the sprayed droplets of herbicides or pesticides have
the tendency to rebound, which consequently leads to a mass
loss of more than 50% of the initial spray products [4].

* e-mail: rachid.bennacer@ens -paris-saclay.fr

The phenomenon of droplet rebound is a major problem
not only in agriculture field, but also in various industrial
applications. A number of studies have shown that the
addition of very small quantity of a flexible polymer, for
example PEO (Poly-Ethylene Oxide), can effectively
inhibit the drop rebound on hydrophobic surfaces and
modify the deposition pattern as well. The high elonga-
tional viscosity property restrains the droplets’ retraction
after impact, which consequently prevents the rebound of
droplets [5-7]. Moreover, the additives will not alter
significantly the surface tension, the density, or shear
viscosity of the fluid [8,9], yet it will change the fluid’s
response to external force and render it viscoelastic [5].
Other researchers showed also that the proper use of dilute
polymer solutions can simultaneously improve the product
retention, droplet deposition, in addition to the spray
characteristics, which involves a subtle balance between
the molecular interaction and fluid hydrodynamics [6].

The hydrodynamics of droplet impact has been widely
investigated experimentally, theoretically, and numeri-
cally [5,10-15]. Most studies focused on the earlier stage of
rapid impact and spreading in order to quantify the
maximum diameter that the impacting droplet could reach
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and to obtain the optimal deposition [13,16,17]. The study
of Chen et al. shows that the addition of polymer chains
could enhance interactions between the droplet and the
surface, and also increase liquid viscoelasticity which,
coupled with the hydrodynamics can affect the impinging
droplet behaviour [18]. It is also found that on super-
hydrophobic surfaces, the presence of polymer does not
influence droplet spreading yet restrains the droplet
retraction and increases the contact duration of rebounding
droplets. In addition, the elasticity of polymer chains
enhances the restoring force during post impact droplet
oscillations, and the induced non-Newtonian elongational
viscosity could cause strong energy dissipation.

The diversity of studies on the dynamics of drops after
impact on solid surfaces, as presented above, can be
roughly divided into two stages, these are the spreading
stage and the rebounding stage [18-21]. The former stage is
characterized by drop impacting and spreading, during this
stage the kinetic energy is converted into surface energy,
while the latter stage features rebounding and oscillating,
allowing for a cyclic conversion between surface and kinetic
energies, and the total energy dissipates due to viscous
losses.

Concerning numerical works, VOF (volume of fluid)
method has been widely adopted in simulating droplet
oscillation characteristics. Numerical studies on advanc-
ing/recoiling oscillation characteristics onto hydrophilic
and hydrophobic surfaces were carried out by some
researchers [22,23]. The quantified parameters include
the average amplitude ratio, average oscillations period,
and dimensionless wetting length. The results show that
the impact velocity has a strong influence on the variations
of the spreading factor, namely, with the increase of impact
velocity, and the degree of droplet deformation increases.
In addition, with the reduction of droplet size, surface and
interface effects will dominate gradually the droplet
behaviour.

Based on the current literatures, much attention has
been drawn on post impact characteristics for Newtonian
liquids, while investigations on non-Newtonian liquids are
relatively limited and some studies do not agree on the
effects of liquid spreading dynamics. For non-Newtonian
droplets, the shear rate dependent viscosity gives rise to a
complex phenomenon of spread-recoil dynamics [24].

In comparison to Newtonian fluids, which have the
same surface tension and zero shear rate viscosity, a non-
Newtonian polymer solution droplet could reach a higher
maximum spreading diameter during recoil stage. The
higher apparent viscosity polymer solution will therefore
lead to slower recoil and damped shape oscillations.

For Newtonian fluids, the relevant dimensionless
parameters that govern the impact and expansion stages,
include Reynolds number (Re = puD/u), Weber number
(We = pu’D/o), and Capillary number (Ca = pu/o). The
involved parameters are the fluid density, p; the impact
velocity, u; the droplet diameter or equivalent diameter,
the dynamic viscosity u, and the surface tension, o.

In addition, wettability of substrates has to be
considered in a non-dimensional representation, and other
parameters such as surface roughness and the contact angle
on substrates need to be considered in describing droplet

/ needle

sensor

substrate

Fig. 1. Experimental setup.

impact as well. Another critical parameter concerns the
viscoelastic of the polymer containing fluids. The viscoe-
lastic behaviour of the polymer molecules features by a
coiled state at rest for a minimum energy conformation,
while converting into an unfolded state under certain
hydrodynamic forces [25,26].

Unlike Newtonian incompressible fluid, for which the
elongational viscosity is quantified as three times the shear
viscosity [27], for a polymer solution, the ratio between
elongational viscosity and shear viscosity (also known as
Trouton’s ratio), can reach a much higher value [28].
Accordingly, the elongational viscosity is considered to be
the major physical property for dilute polymer droplet to
behave differently from droplets of pure solvent at a
macroscopic level [7-9,29].

In the present study, we have considered non-
Newtonian rheological effects, and focused on impacting
drops’ oscillations and the dynamics of polymer dilute
solution and its dependence on wettability. The adopted
polymer solution is PEO diluted in pure distilled water. PEO
is water soluble, highly hydrophilic, and it has the properties
of water-retention, thickening, lubrication, etc. [30].

Three major parameters considered in this work are
velocity of drop impact, PEO concentration and substrate
characteristics (wettability). The different velocities of
droplet impact is realized by different heights of drop
release, and the three types of substrates with different
wettability characteristics are glass, parafilm, and alumi-
nium. The main objectives of the study include the droplets
dissipation, oscillation parameters (amplitude, period,
length), hydrodynamics behaviours, as well as droplet
morphology during the impact process. We will present the
experimental procedure and the obtained results. An
analysis will demonstrate the complex behaviour induced
by the polymer viscosity effect and the substrate exhibiting
properties from hydrophobic to highly hydrophilic.

2. Experimental apparatus

The apparatus and setup used to conduct the experiments
is represented in Figure 1. Single drops were created at the
tip of a metallic needle (0.5 mm) by means of a screw-driven
syringe dispenser. The needle was centred above the
surfaces (either Parafilm, glass or aluminium) and held by a
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Fig. 2. Substrate materials (Parafilm M, mirror-polish alumi-
nium, glass) and chemical products (PEO powder, 50 ppm, 100
ppm, 200 ppm solutions).

gradual arm which allowed adjusting the drop height with
a precision of 0.05 mm. A transmissive photo-microsensor
is located under the tip of the needle and triggered the
camera when a single drop is released. The video
acquisition system is equipped with an 18-108/2.5 zoom
lens and horizontally aligned with the tested surface to
record impacts of single drops. The high-speed camera
(CMOS camera Phantom v4.0) operates at 1000 frames per
second. Drop Shape Analysis DSA (Ver. 1.90.0.11)
software analysed movies and calculated contact angles,
as well as base diameter of every frames. Uncertainties in
measurements of the contact angle and drop base radius are
estimated at within +1%. A lamp powered by a steady and
continuous current provided back-to-front illumination.
To ensure a fine optical alignment, the camera and the
impacted surface and lighting system were fixed on an
optical bench.

The 3 used substrates, are shown in Figure 2 together
with the polymer solutions. The substrates selected,
allowed to explore from hydrophobic (parafilm M) to
highly hydrophilic (glass) wettability. The properties are
summarized in Table 1.

Polyethylene oxide, PEO (4 x 10° a.m.u) is a well-known
polymer additive with high-molecular-weight and flexible
chemical backbone. PEO powder added to water affects the
properties of the solution (see Tab. 2) and in particular the
value of elongational viscosity. Polymers in the solution
stretch out as the fluid forms a filament 5] asillustrated in the
insert of Figure 3. The polymer chain shapes are modified
based on the local flow within the droplet and continuously
change during the impact and the recoil.

The behaviour of droplets impacting substrates depends
onmany physicochemical parameters: fluid static proprieties
(i.e., density p, shear viscosity 7, and elongational viscosity
e droplet diameter Dy, liquid-vapour surface tension),
substrate (solid-gas surface energy, solid-liquid surface
tension, average surface roughness, wettability, dimension-
less Capillary number Ca), dynamics of droplet (velocity,
dimensionless Weber and Reynolds numbers We, Re). Note
that for Newtonian fluids n. = 3 7,, and for non-Newtonian
fluid n, = T n, with T known as the Trouton ratio.

The apparent viscosity of such solution is non-
Newtonian and the apparent viscosity versus shear stress

Table 1. Physical properties of substrate materials.

Substrate Ra (nm) Wettability
Parafilm M Rough (>300) Hydrophobic
Aluminium 300 Hydrophilic

Glass Smooth (<300) Highly hydrophilic

Table 2. Properties of droplets at 293 K. *completed by
[3] ** by [7].

Concentration Density Surface tension
PEO (ppm) (kg/L) (mN/m)

0 1000 72

50 68

100 62

200 61.9

for such solution is represented in Figure 3 for two different
concentrations. The non-Newtonian behaviour is explicit
and confirms the Rheofluidifier (viscosity decreasing with
shear stress when above a shear stress threshold) and we
can see that the viscosity increases with the concentration.
The viscosity exhibits a maximum for given shear rate with
an increase below and decrease above.

3. Experimental results and discussions

The temporal behaviour of the droplet impacting the
substrate (as described in previous section) is analysed by
following the drop base diameter and contact angle. An
example of base diameter and contact angles is given in
Figure 4 for a droplet of 50 ppm concentration falling from
8cm height on hydrophobic substrate (Parafilm M).

The temporal behaviour of the contact angle (left and
right) and base diameter are illustrated in Figure 4. The
temporal behaviour of the left and right contact angle of
the droplet are calculated separately using the tangent
method. The tangent method is applied on the recorded
images as illustrated in the insert of Figure 4.

In an ideal case, when the droplet falls onto the
substrate it will spread and recoil circularly. The sudden
increase in diameter is followed by a decrease tending
towards an equilibrium base diameter. This evolution is
illustrated by the blue line (Fig. 4) and it seems that some
oscillations appear as shown by the base diameter during
this evolution. The corresponding contact angles are
plotted in the same figure and there is clear oscillation
around the final equilibrium contact angle. Hence the
motion is supposed to be radial-independent. It worth
noting that surface impurities or initial pending drop
vibrations can affect behaviour. However, we observe
almost the same oscillations and a deviation of less than 5°
is observed. The test for reproducibility allows to confirm
that between two drops of similar characteristics, there can
be aslight phase shift (+ 5 ms) and angle stabilisation value
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gap (% 5°). This can be caused by the various anchoring of
the triple line on the substrate. Initial time (0 ms) is set
when the drop has reached its maximum base diameter,
after the spreading and before the recoiling. During the
spreading phase, the advancing contact angles has a
constant value. Moreover, oscillation measurements are
very sensitive to noise, background light and computing
€rrors.

We will analyse these oscillations by quantifying
oscillations frequencies and provide remarks about dis-
sipations mechanisms, and deducing amplitude decay
(envelope fitting with exponential decay function).

The temporal behaviour of the droplet illustrated in
Figure 5 illustrates a typical behaviour. This consists of
impacting the surface, spreading and recoiling of the base
diameter and symmetrical oscillations of contact angles
(see discussion of Fig. 4). We will analyse mainly these
frequencies and we will not attempt to analyse the possible
inner waves appearing on the droplet surface, see Figure 5b,
as this is beyond the scope of this study.

The graph below (Fig. 6) shows a comparison of obtained
oscillations without (pure water) and with PEO concen-
tration (solution of 200 ppm). The contact angle oscillates in
a damping mode around the equilibrium steady contact
angle (average value between left and right and noted as
CA,.s- The oscillating frequencies are determined using an
FFT transform and are represented as an insert for the two
liquids. The present case is on Aluminium substrate
(Hydrophilic), the water drop oscillates with a frequency
of almost 0.1 Hz and the solution with a more complex signal
including a lower frequency of 0.05Hz, followed with two
other frequencies at lower energy of 0.11 and 0.17 Hz,
respectively.

In using PEO we previously highlighted the strong
effect on viscosity when increasing concentration and also
the fact of non-Newtonian behaviour (see Fig. 3). The
increase of the release height (Re number values) increases
inertia effect and modifies the internal drop velocity field
(corresponding shear stress) inducing different paths of
damping-dissipating towards the steady state (equilibrium
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state). The second important fact is that the hydrophilic
substrate (Al) allows the energy to be distributed on a large
base diameter. In such geometry, the velocity decreases as
drop diameter increases. The graph summarising the
effects of concentration and release height increase is given
in Figure 7. The influence of PEO concentration on
oscillations period value (inverse of frequency) shows an
increase in period of the oscillations (decrease in frequency)
for the different release heights until a maximum
concentration (around 100 ppm). Moreover, high kinetic

Height (cm)

—v—11/13

1/f; Period (ms)
N wWwhr O

10 4 AN

On Aluminium

T T T T T T T
0 50 100 150 200
PEO concentration (ppm)
Fig. 7. The effect of PEO concentration on the frequencies of

angle oscillations of drops impacting Aluminium substrate, for
different release heights.

energy drops react more violently when they contain
polymer and can double their period whereas low energy
drops react by increasing their period by 200%. Above this
value the period decreases or almost tends toward constant
value for drop release height of more than 8 cm.

The previously discussed results i.e. hydrophilic case,
show the complexity of coupling between the PEO
concentration and effect on a variable viscosity depending
on the resulting internal droplet flow. The observed
oscillations illustrate such coupling between the maximum
reached velocity imposed by the drop release height and the
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velocity decrease due to the spread and the substrate effect
(contact angle). In case of a hydrophobic substrate, the
drop spreading changes and the internal velocity field
changes completely, so does the local shear stress and
apparent viscosity. The contact angle (CA, deviation to the
average static contact angle) evolution versus time on
Parafilm M (hydrophobic) and the corresponding FFT are
represented in Figure 8. The presented results are for two
release heights (2 and 4 cm) and PEO concentration of 50
ppm. For the two presented heights the oscillations and the
corresponding frequencies are almost equal (0.087) for the
concentration of 50 ppm. This clearly illustrates substrate
wettability effect as it will change completely the dynamic
and the internal flow and corresponding damping rate

caused by the apparent viscosity.

On such hydrophobic surface as Parafilm M, it shows
firstly that the presence of PEO prevents rebound. All pure
water drops are rebounding on Parafilm M except the one
released from 2 cm height. Secondly, the increase of PEO
concentration reduces drop contact angles oscillations period.

The energy dissipation mechanisms are enhanced by
the presence of PEO in the droplet. Increasing the polymer
concentration allowed creating inner rings (f ~ 0.2) for
lower heights and dissipating more efficiently the kinetic
energy of impact.

In order to summarise the effects of concentration and
height, Figure 9 is presented. Such graph shows the influence
of PEO concentration on oscillations period value (inverse of
frequency). The observed period of the oscillations (fre-
quency) shows a relative decrease with the increase of
concentration for different release heights until a threshold
concentration (around 100 ppm). The period is almost
constant or slightly increase above this value except for lower
kinetic energy cases. In comparison with the hydrophilic
substrate, theimpact is less violent for this hydrophobic case,
due to the presence of the polymer additive and their period
changes by less than 20% for the worst situation (2cm) and
less than 9% for all other investigated cases.

For each drop, the period of oscillation is constant
during the whole sequence. The trend is that the more
kinetic energy the drop has, the longer the oscillations will
be for concentration above 100 ppm. The maximum CA
amplitude oscillation is certainly determined by the PEO
concentration, the substrate type and the release height.
We will discuss such effects in the following sections.

The previously represented CA oscillations (Figs. 4, 6
and 8) can be explored through the analysis of oscillations
frequency and the signal envelope with the initial
amplitude and a damping parameter. Therefore, the
oscillations can be represented by the expression below,
with an initial amplitude A, damping function with
coefficient and oscillatory mode of frequency f.

O(t) = Ape “'Sin(2rft)

Toillustrate the initial amplitude and the damping rate,
we plot the envelope of different signals in Figure 10a. The
plotted envelopes are for different concentrations and
illustrate again the complex coupling. With the increase of
PEO concentration, both amplitude and damping change.
An identification fitting is used in order to get the envelope
characteristics (Ay, f) and plotted in Figure 10b. We observe
clearly a decrease of the amplitude with the increase of
concentration and the damping increase suddenly around
100 ppm concentration (from 8 x 10 ®to2 x 10 ?). As part of
the damping is due to the viscous dissipation effect, it is
obvious that the inner flow (liquid velocity) can be related to
the angle oscillating velocity, expressed as % ~ Ago. We plot
this coefficient as an insert in Figure 10b. This product seems
to remain constant and changes during the transition stage
where the PEO concentration effect is acting and before
reaching a saturating effect.
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In this problem we have an initial impact velocity resulting
from the initial release height (described by a Re number ), and
followed by the droplet spreading. Such spreading is
controlled by the contact angle (wettability so tendency

towards equilibrium), by the viscosity (dissipation), surface
tension and inertia acting as memory. For the used fluid, the
viscosity (dissipation) is directly related to the shear stress
level (velocity gradient) and also the local fluid state (history).
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The oscillatory amplitude will be controlled by the
initial impact velocity (height) as it contributes to the
spreading and the contact angle defining the equilibrium
(minimisation). During a dynamic behaviour the surface
tension will be an acting force. The viscosity is a resistance
action against the motion in both spreading and receding.
Moreover, the local velocity and its spatial distribution
affects the apparent local viscosity (continuously chang-
ing). Such changes in the viscosity will induce a non-
symmetrical behaviour in damping (dissipative system),
which is the possible oscillatory flow.

These different physical phenomena are summarised in
Figure 11. This figure illustrates the initial release height and
consequently dictates the initial Re magnitude. At the
beginning of the spreading, the surface tension and the
contact angle tend to drag the system towards the
equilibrium state (positive action towards minimisation).
The induced flow and inertia drive the droplet flow over the
equilibrium position and both the surface tension and
contact angle became resistant against the motion. The
viscosity acts continuously as a dissipative factor above and
below the equilibrium position. The oscillatory motion
exhibits a supplementary non-linearity due to the non-
Newtonian behaviour (viscosity is function of local shear
stress and concentration). The mechanisms described above
can be used to propose an analogy with a resistive-dissipative
diagram as shown in Figure 11. Such viscous phenomena can
be represented by a classical resistant-dissipative block [24]
for which we did not integrate the possible thixotropy [25], as
this is beyond the scope of this study. The challenges will be
to write the equivalent simplified model (differential
equation) integrating the different underling physics
involved and solve it analytically. Such approach will allow
to find the conditions of oscillating modes for different
rheology (viscosity vs. concentration). This work will
constitute an interesting perspective.

4 Conclusion

The objective of this work was to understand the influence of
poly-ethylene oxide (PEO) concentration in water during
the impact of droplets onto hydrophilic and hydrophobic
substrates (Parafilm M, aluminium and glass). Both static
aspects (such as maximum wettable diameter and steady
base diameter), and dynamic behaviour (such as recoiling
velocities, and different parameters of contact angle
oscillations of the droplet) were analysed.

We showed the link between the CA oscillation
frequencies and external factors such as the substrate,
PEO concentration and imposed kinetic energy i.e. release
height. The initial CA amplitude and damping rate of the
system were analysed to illustrate the complexity of the
problem. We showed how the non-Newtonian viscosity
behaviour is strongly related to the other parameters.

Results also show that the maximum spreading
diameter, dissipation mechanisms, and oscillations period
all increase with the drop release height, unlike contact
angles oscillations envelope which get thinner, and
oscillations duration decreases with the release height.

Polymer concentration influences the maximum
spreading base diameter of high energy drops on non-
hydrophobic substrates. It slows down recoiling veloc-
ities, reduces oscillations length, helps dissipation
mechanisms, and influences oscillations period. In addi-
tion, the wettability of substratesinfluences the spreading
phase, drop rebound, and can damp recoiling of polymer
drops. Hydrophilic substrate reduces the oscillations
duration, increases their period and lessens their ampli-
tude decay.

The mechanisms identified and described allows the
analogy with a resistive-dissipative diagram and this will
be the scope of future work. Such approach will allow to
find the conditions of oscillating modes for different
rheology (viscosity vs. concentration). The proposed
equivalent model will allow to get access to a prediction
either by a direct simulation or if any analytical solution for
specifical situation.

Nomenclature

Ay Initial amplitude

Dy Drop diameter
Oscillatory mode of frequency
The Trouton ratio
Surface tension (mN/m)
Contact angle

Density (kg/L)
Viscosity (Pa s)
Velocity

Elongational viscosity
Shear viscosity

=TT DA g

)

=3
%)

Dimensionless Number

Re
We
Ca

Reynolds number
Weber number
Capillary number

Abbreviation

BD  Base diameter
CA  Contact angle
PEO Poly-Ethylene Oxide
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