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Abstract The impacting and rebounding behaviors of
droplets containing polyethylene oxide (PEO) on Teflon-
coated hydrophobic surface are investigated using a high-
speed imaging system. Maximum spreading of droplets
are examined experimentally by varying the concentration
of polymer solution. During the spreading of droplets, no
significant energy dissipation is found in the PEO solu-
tion droplets tested in this study. Energy dissipation dur-
ing the retraction of contact line increases with the increase
in the concentration and molecular weight of the polymer.
Molecular weight does not show any noticeable effect
when the concentration of the polymer solution is lower
than 0.03 wt%. Its effect increases when the concentra-
tion is higher than 0.03 wt%, and the energy dissipation
increases (threefold) at 0.05 wt% concentration. In addi-
tion, the residue composed of small satellite droplets is
optically observed. The retraction velocity of contact line is
decreased on the area of residue, which adds friction on the
surface. A semiempirical model of energy balance equation
is derived to estimate the rebounding tendency of a poly-
mer solution droplet as a function of maximum spreading
factor, retraction velocity, and reduced concentration. The
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friction coefficient of the polymer solution shows a linear
relationship with reduced concentration.
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1 Introduction

The impacting and spreading phenomena of droplets
have been given much attention because of their sig-
nificance in numerous engineering applications, such
as spray coating (Aziz and Chandra 2000), spray cool-
ing, surface cleaning, agricultural applications (Andrade
et al. 2012a, b), and inkjet-printed electronic devices
(Jung et al. 2013b; Lange et al. 2013; Secor et al. 2013).
A substantial number of experimental studies have been
conducted to understand the impacting and spread-
ing behaviors of droplets based on their fluid properties
(Fedorchenko et al. 2005; Jung and Hutchings 2012; Rio-
boo et al. 2002) or surface characteristics (Alizadeh et al.
2013; Antonini et al. 2013; Tran et al. 2013) by using
high-speed imaging techniques.

Rioboo et al. (2002) classified the droplet impact phe-
nomenon into five time-sequential phases: kinematic,
spreading, relaxation, wetting, and equilibrium phases.
Droplets exhibit different behaviors depending on surface
wettability and their own physical properties. The impact
phenomena of droplets can be divided into two different
impact regimes, namely capillary and viscous regimes. The
dimensionless Weber number (We = ,ov(z)D()/a) describes
the relative importance of inertia and surface tension,
whereas the Reynolds number (Re = pvoDo/n) describes
the relative importance of inertial force and viscous force
on the impact of droplets. In these equations, p, v, Dy, o,
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and 7 indicate the density, initial velocity, initial diameter,
surface tension, and viscosity of the working fluid, respec-
tively. These numbers are essential in distinguishing the
impact regime of droplets (Clanet et al. 2004). Maximum
spreading factor (B,,,x = Dma/Dp) 1S an important param-
eter that describes the maximum extended state of droplets.
D, .« is the diameter of a droplet at the end of its spread-
ing phase. Various theoretical and semiempirical models
have been proposed to predict the maximum spreading
factor of droplets impacting on various surfaces (Eggers
et al. 2010; Lee et al. 2014; Roisman et al. 2002; Ukiwe
and Kwok 2005). An and Lee (2012) investigated the maxi-
mum spreading factor of a shear-thinning liquid droplet
impacted on a solid surface. According to high shear rate
induced during the spreading and retracting phases, the vis-
cosity of polymer solution decreases, which results in the
decrease of energy dissipation (maximum spreading factor
is reduced). Although understanding the underlying basic
physics of the impact and spreading phases of a droplet is
important, the final deposition of droplets on a substrate is
significantly affected by the outcomes of the next phases.

In general, the impacting behaviors of droplets can be
divided into six possible outcomes: deposition, prompt
splash, corona splash, receding bread-up, partial rebound,
and complete rebound (Rioboo et al. 2001). The rebound-
ing phenomenon interrupts the fast and accurate deposition
of droplets on hydrophobic surfaces. During the relaxa-
tion phase of a droplet that impacts on a hydrophobic sur-
face, the elastic energy stored by the deformation of drop-
let retracts the contact line of the droplet. If the retraction
speed is sufficient, then the droplet rebounds from the sur-
face (Bergeron et al. 2000). One of the solutions to inhibit
rebounding is to vary the surface tension of the working
fluid by adding surfactants (MourougouCandoni et al.
1997). However, the addition of surfactant can also affect
the formation of droplets by inducing undesirable problems
such as generation of non-uniform droplet and splashing of
droplet after impact.

Bergeron et al. (2000) first reported that as an alternative
to surfactant additives, a small amount of polymer addi-
tives remarkably suppress the rebound of droplets without
substantially affecting the bulk rheological properties of
the working fluid. In their study, polyethylene oxide (PEO;
0.01 wt%, 4 x 10° g mol_') was added in the solution,
and the droplet-retraction speed was gradually reduced.
They claimed that the elongational viscosity induced by
the elongation rate of impacting droplets is about three
times higher than the shear viscosity of Newtonian fluid
droplets, and it dissipates the initial kinetic energy more
than the shear viscosity does, slowing down the droplet-
retraction speed. However, other researchers asserted that
the elongational viscosity does not significantly influence
the spreading phase (Crooks et al. 2001; Rozhkov et al.
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2003). The maximum spreading factors of droplets made
of polymer solution and Newtonian fluids, as well as their
diameter variations during the entire kinematic and spread-
ing phases, are similar. This similarity cannot be explained
fully by using the increased elongational viscosity (Bartolo
et al. 2007; Jung et al. 2013a), since the viscous dissipa-
tion of energy should not only take place during the retract-
ing phase, but it should also occur during the spreading
phase. Alternatively, Bartolo et al. (2007) mentioned that
the decrease in the retraction speed of polymer solution
droplets is caused by non-Newtonian normal stresses. They
added normal stresses to lubrication theory with capillarity
and shear stresses to explain the decrease in droplet-retrac-
tion speed.

On the contrary, Bertola (2013) raised questions about
non-Newtonian normal stresses for two reasons. First, the
concentration of PEO solution used in their experiment was
insufficiently diluted. In that case, the slow retraction is
caused by high shear viscosity rather than normal stresses.
Second, the normal stresses of the retracting contact line of
dilute polymer solution droplet are insufficient to inhibit
rebounding. Smith and Bertola (2010) observed that the
stretched flexible polymer chains of A-DNA or PEO chains
remained behind the retracting contact line. They suggested
that radially aligned chains of A-DNA work as additional
resistance to the contact line, which induces anti-rebound
effect, thereby reducing retraction speed. Diluted poly-
mer solution droplets impacting on heated substrates in
the Leidenfrost regime do not form contact with the sub-
strates, and therefore, they rebound from the surfaces
(Bertola 2014). This indicates that the contact of a drop-
let of polymer solution and the substrate surface is impor-
tant rather than non-Newtonian fluid-dynamic parameters.
Therefore, current study focused on the importance of the
reaction between polymer chains and surface. Smith and
Sharp (2014) proved this importance by forced de-wetting
of water and dilute PEO solution via a syringe-driven flow.
They found that the additional contact-line friction caused
by the presence of residual polymers increases with the
increase in retraction speed.

However, the controversial roles of polymers on the anti-
rebound effect still need further investigation to determine
the origin of the additional friction force. In addition, the
effects of polymer concentration and molecular weight
should be quantitatively determined to understand the roles
of polymers. In this study, the effects of polymer concen-
tration and molecular weight on the anti-rebound effect
are experimentally investigated. The optical evidence of
residual polymers is directly observed using a high-speed
camera. A semiempirical model accounting the contact-
line friction according to polymer additives is suggested to
estimate the rebounding phenomenon of polymer solution
droplets.
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2 Materials and experimental methods

PEO (Sigma-Aldrich) with molecular weights of 4 x 10°
and 8 x 10% g mol~! (designated as 4 M PEO and 8 M
PEO, respectively) were dispersed in deionized water to
concentrations of 0.0001-0.01 wt%, which corresponds
to 1-100 ppm. The polymer solutions were stirred for 2 h
at 40 °C constant temperature. When the concentration is
higher than a critical concentration (c*), polymer chains
begin to interact with one another. The critical concentra-
tion of a dilute polymer solution can be estimated using the
following equation (Clasen et al. 2006):

077

I (D

where [n] is the intrinsic viscosity of the dilute polymer
solution. Based on Zimm theory (Bremond and Villermaux
2006), [n] is proportional to molecular weight and solvent
quality. The intrinsic viscosity of dilute polymer solution is
calculated using the following Mark—Houwink—Sakurada
equation with coefficients 0.0125 and 0.78 for PEO solu-
tion in water (Bertola 2013):

%k

[n] = 0.0125M°%78 (cm™3 g~ 1) )

The critical concentrations calculated using Eqgs. 1 and
2 are 0.0436 wt% for 4 M PEO and 0.0254 wt% for 8 M
PEO solutions. Therefore, the highly concentrated 8§ M
PEO solution tested in this experiment exhibits a dilute
regime and has polymer chains that are randomly coiled
and dispersed without self-interaction. In general, poly-
mer chains are elongated when shear rate is applied dur-
ing the spreading and retraction phases of the droplet.
The shear rate of a spreading droplet can be calculated
by dividing the retraction velocity with the height varia-
tion of the droplet. In this experiment, the maximum shear
rate of the impacting droplet is 8,400 s~ when the impact
velocity is 2.7 m/s. This indicates that polymer chains
are fully stretched during the spreading and receding
phases. The surface tension of water and the 8 M polymer
solution measured by sessile drop method are 71.5 and
67 mN m~!, respectively. The density (o ~ 1.02 g cm™>)
and viscosity (n & 1.3 mPa-s) of the 0.01 wt% 8 M PEO
solution were measured using an electric balance with
micropipetting and a viscometer (LVDV2+Pro, Brook-
field), respectively. Given the low concentration of the

polymer additives, the surface tension, density, and vis-
cosity of the polymer solution at varying polymer concen-
trations exhibit almost negligible differences within the
range of experimental errors. Shear-thinning behavior of
the PEO suspension is not observed under present experi-
mental condition, because the zero shear viscosity and
infinite shear viscosity are very similar. Table 1 compares
the physical properties of polymer solutions tested in this
study. Since the viscoelastic characteristics of polymer
solutions do not show dominant energy dissipation in the
spreading or retracing phase, direct measurement of vis-
cosity according to shear rate or elasticity of PEO solution
was not taken in this study. Those parameters are avail-
able in previous literatures (Christanti and Walker 2002;
Tirtaatmadja et al. 2006). A glass slide (Superfrost-20,
Matsunami) was cleaned with acetone and methanol to
remove contaminants on the surface and then washed
with distilled water. Teflon (Teflon amorphous fluoroplas-
tic, Dupont) was diluted to 17 % with Fluorinert (FC-40,
Sigma-Aldrich) and then coated on the clean glass using
a spin coater (ACE-1020s, Dong Ah) to obtain a hydro-
phobic surface. Figure 1 shows the equilibrium state of
water (a) and 0.01 wt% 4 M PEO solution (b) on the Tef-
lon-coated surface. The equilibrium contact angle (6,) of
water droplets measured with a goniometer (SmartDrop,
Femtofab Inc.) is 121° with a contact angle hysteresis (6,)
of 8°. The corresponding values for 4 M PEO solution
droplets are 6, ~ 106° with 6, ~ 10°.

The optical setup used to visualize droplet impact
behaviors is depicted in Fig. 2. The impacting and rebound-
ing behaviors of droplets were consecutively captured with
a CMOS high-speed camera (Fastcam SA1.1, Photron) at
2,000 fps, which corresponds to a time interval of 0.5 ms.
A macro zoom lens (Nikon AF Micro-Nikkor 60 mm) was
attached in front of the camera. A metal halide lamp (MH-
100, Dolan—Jenner) attached with an optical diffuser was
used as light source, which was aligned with the lens and
the camera. Each droplet was generated using a syringe
pump and a needle with gauge number 27 (0.21 mm inner
diameter). The vertical height between the impingement
surface and the needle tip was adjusted to vary the impact
velocity (v, = 0.2-2.7 m/s) of each droplet. The initial
diameter of droplets, measured by counting the number of
pixels and averaging them for 7-20 sequential images, is
3.25 £ 0.02 mm.

Table 1 Physical properties of

. . 4/8 M 0 wt% 0.0001 wt% 0.001 wt% 0.003 wt% 0.005 wt%
the solutions tested in this study
y (mN m™") 71.5 70 68.2/67 68.2/67 68/67
1 (mPa s) 1.28 1.28 1.28/1.29 1.28/1.29 1.28/1.3
o (gecm™) 1.02 0.12 1.02/1.01 1.02 1.02
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Fig. 1 Droplets at equilibrium
state lying on the Teflon-coated
surface. a A water droplet with
equilibrium contact angle of
0.4 = 121° and contact angle
hysteresis of 6, = 8°. b A drop-
let of 0.01 wt% 4 M PEO with
.q = 106° and 6, = 10°

Capillary needle

Macro lens

Oﬁt‘i‘gal diffuser

Fig. 2 Schematic diagram of the experimental setup composed of a
macro zoom lens, a capillary needle, an optical diffuser, and a light
source

3 Results and discussion
3.1 Impact regimes and maximum spreading of droplets

Figure 3 shows the impact regimes of water droplet and
droplets of 4 M PEO solutions with concentrations of
0.0001, 0.001, and 0.01 wt% based on We and Re. The dot-
ted line in the figure represents the case of impact number
(P = We/Re*) of 1 for the given dimensionless numbers;
P distinguishes the dominant energy dissipation mechanisms
of an impacting droplet (Clanet et al. 2004). In the capillary
regime (P < 1), the initial kinetic energy of droplets is mostly
converted into surface energy. On the contrary, viscous energy
dissipation is dominant in the viscous regime (P > 1). Results
showed that all droplets with different concentrations and ini-
tial impact velocity exhibit the capillary regime (Fig. 3). Thus,
the conversion of initial kinetic energy of each droplet into
surface energy is more dominant than viscous dissipation.

The maximum spreading factors of water and 4 M PEO
droplets increase relative to We, as shown in Fig. 4. Inter-
estingly, all of the data fall in a single curve, independent
of polymer concentration. They follow the scaling law of
B ~ Wel™ (dashed line) for We larger than 20. This result
implies that the impact phenomenon belongs to the capil-
lary regime, and the initial kinetic energy of droplets is
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Fig. 3 Impact regimes for water droplet (filled square) and 4 M PEO
droplets with concentration of 0.0001 (filled circle), 0.001 (filled tri-
angle), and 0.01 (filled inverted triangle) wt%. Dashed line indicates
the case of impact number P = 1. All the impacting droplets tested in
this experiment belongs to the capillary regime
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Fig. 4 The maximum spreading factors of water droplets (filled
square) and 4 M PEO droplets with concentration of 0.0001 (filled
circle), 0.001 (filled triangle), and 0.01 (filled inverted triangle) wt%
on the Teflon-coated surface. Dashed line denotes the scaling law of
13 ~ Wel /4
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Fig. 5 Oscillation phenomena
of impact droplets. a Gentle (a)
bouncing of water and anti-
rebound of 4 M PEO droplets
with polymer concentration of b
0.0001, ¢ 0.001, d 0.01 wt% on
Teflon-coated surface at Weber
number of 7. e 0.0001 and f (b)
0.01 wt% 4 M PEO droplets
impacted at Weber number of
105 show vigorous bouncing
and anti-rebound, respectively.
Solid arrow indicates poly-

mer residue after contact-line
retraction, and horizontal dotted
arrows indicate the maximum
spreading factor

transformed into surface energy until the droplets reach their
maximum spreading state (Clanet et al. 2004), which matches
well with the result shown in Fig. 3. It is also a counterevi-
dence of the hypothesis that the increased elongational viscos-
ity dissipates initial kinetic energy, since there is no signifi-
cant energy dissipation during the spreading phase, regardless
of polymer concentration. For PEO in water with molecular
weight over 4 M g mol~!, the maximum spreading factor is a
universal function of We, regardless of polymer concentration
(when it is smaller than 0.01 wt%). However, as the concen-
tration of the polymer solution increases, its viscosity is also
increased. Therefore, the viscous dissipation has to be consid-
ered along with the surface energy. When the concentration of
the polymer solution is higher than 0.01 wt%, the maximum
spreading factor §,,,, is reduced due to the additional energy
dissipation by viscosity. Therefore, it does not follow the scal-
ing law of B, ~ We'"* any longer.

max

3.2 Effect of polymer concentration

Temporal evolution of impact behavior of droplets on
the Teflon-coated surface was sequentially recorded to

Impact dynamics : Anti-rebound

0mmi

Impact dynamics : Gentle bouncing

0O

11ms  16.5ms

investigate the effects of polymer concentration and
impact velocity on the impacting phenomenon. Figure Sa—
d shows the impacting behavior of water, 0.0001, 0.001,
and 0.01 wt% 4 M PEO solution droplets at relatively
low impact velocity (v = 0.4 m s~!, We = 7). Figure Se,
f shows the impact process of 0.0001 and 0.01 wt%
4 M PEO droplets at higher velocity (vy = 1.56 m s,
We = 105).

Impact dynamics can be categorized into gentle, vigor-
ous bouncing, and anti-rebound depending on rebound
height and droplet shape. Figure 5a displays a typical case
of gentle bouncing, for which a droplet is detached right
above the surface while maintaining its spherical shape.
If the droplet does not have sufficient kinetic energy to
overcome the energy dissipation during the spreading and
retraction of contact line, then it is not detached from the
surface (Fig. 5b—d, f). Droplets of polymer additives leave
residue whose diameter is similar to the maximum spread-
ing diameter (dashed arrow) after contact line is retracted
(solid arrow). Polymer residue is clearly observed as the
polymer concentration increases. The effect of polymer
residue is discussed in Sect. 3.4. Vigorous bouncing occurs
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when the initial kinetic energy is sufficient to rebound
droplets in an elongated shape (Fig. 5e).

Although the effect of polymer additives on the maxi-
mum spreading factor is negligible, the influence of the
polymer addition is significant during the retraction phase.
As the polymer concentration increases, the contact-line
diameter of a retracting droplet at a low impact veloc-
ity increases, which implies that the contact-line velocity
is reduced. Therefore, gentle bouncing of water droplets
occurs when v, = 0.4 m s~', whereas PEO droplets show
anti-rebound behaviors. However, the addition of polymers
cannot suppress the rebound of droplets when the impact
velocity, that is, the initial kinetic energy, is sufficiently
high.

Figure 6 shows temporal variation of contact-line
diameter from which the role of polymer concentration
can be quantitatively understood. Figure 6a corresponds
to the images in Fig. 5a—d when the impact velocity is
vo = 0.4 m s~! for water and 4 M PEO droplets. The nor-
malized contact-line diameter (D,/D,) of each droplet
increases in the spreading phase according to the dimen-
sionless time (t = tvy/D,) until it reaches the maximum
contact-line spreading factor (B, ,,,), Which is marked by
the dashed arrow. Here, D, indicates contact-line diameter.
The contact-line diameters of PEO droplets with different
concentrations do not show noticeable difference during
the spreading phase. However, the contact-line speed is
reduced during the retraction phase as the polymer concen-
tration increases. In addition, the oscillating contact-line
diameter in the relaxation phase is suppressed, as indicated
by the solid arrow in Fig. 6a. Although the viscoelastic
behavior of polymer solution increases according to the
concentration of the solution, the PEO suspension used in
this experiment is extremely diluted. In addition, the elastic
behavior reduces the frequency of vertical oscillation dur-
ing the relaxation phase (Son and Kim 2009). Therefore,
the decrease of retraction speed and the suppression of
contact-line oscillation amplitude can be explained mainly
by the additional energy dissipation caused by polymer
additives.

Figure 6b shows variations of the normalized contact-
line diameter of impacting droplets with different concen-
trations of polymer additives on the Teflon-coated surface
with vy = 1.56 m s~'. The maximum spreading factor
B..max Of the contact-line diameter in Fig. 6b is larger than
that at low impact velocity (Fig. 6a), regardless of polymer
concentration. Polymer concentration does not have strong
influence on the duration time of the spreading phase.
However, the retraction and relaxation phases are extended
as the polymer concentration increases, as marked with
the solid arrow in Fig. 6b. Although the addition of poly-
mer decreases the retraction velocities, vigorous bouncing
occurs (Fig. 5e) because of sufficient initial kinetic energy
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Fig. 6 Temporal variations of normalized contact-line diameter
according to the dimensionless time. (filled square), (filled circle),
(filled triangle), and (filled inverted triangle) indicate diameters of
water, 0.0001, 0.001, and 0.01 wt% concentrated 4 M PEO drop-
lets, respectively. Dashed arrow indicates the normalized maximum
contact-line diameter. a Normalized diameter of impact droplets on
the Teflon-coated surface at Weber number of 7. Solid arrow denotes
reduction of contact-line oscillation and retraction velocity. b Drop-
lets impacted on the Teflon-coated surface at Weber number of 165.
Solid arrow indicates the increase of contact-line velocity, as the pol-
ymer concentration decreases

except for the case of 0.01 wt% concentrated 4 M PEO
solution.

3.3 Effect of polymer molecular weight

Figure 7 shows the impact phenomena of droplets of
equally concentrated (a, b: 0.003 wt%; and c, d: 0.005 wt%)
PEO solution with different molecular weights (a, c: 4 M;
and b, d: 8 M) on the Teflon-coated surface at low and high
initial impact velocities (v, = 0.78 m s, We = 28 for a,
b; and vy = 1.55 m s~!, We = 105 for c, d). The figure dis-
plays the role of polymer molecular weight on the rebound
of PEO droplets. Polymer solution at low concentration
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Fig. 7 Impact dynamics of
PEO droplets on the Teflon-
coated surface. a 0.003 wt%

4 M PEO droplet and b 8 M
PEO droplet gently bounces
from the surface when Weber
number is 28. ¢ 0.005 wt% 4 M
PEO droplet gently bounces,
while (d) 8 M PEO droplet
sticks to the surface, i.e., anti-
rebounds when Weber number
is 105. Solid arrow indicates
polymer residue after retrac-
tion of contact line. Horizontal
arrows denote the maximum
spreading factor

(©)

>

(d)

Oms

(0.003 wt%) shows gentle bouncing of droplets, regard-
less of polymer molecular weight (Fig. 7a, b). However,
high polymer concentration (0.005 wt%) prohibits the
rebound of droplet as the molecular weight increases.
4 M PEO droplets gently bounce from the surface when
vo = 1.55 m s™!, whereas the rebound of 8 M PEO drop-
lets is suppressed at the same impact velocity (Fig. 7c, d).
Polymer residue is observed when the concentration of 8 M
polymer solution is higher than 0.005 wt%, as indicated
by the solid arrow in Fig. 7d. The size of residue is nearly
similar to the maximum spreading diameter. The effect of
polymer molecular weight on the anti-rebound of drop-
lets is different for 4 and 8 M PEO solutions at 0.003 wt%
concentration.

Temporal variations of the normalized contact-line
diameters of 0.003 and 0.005 wt% concentrated 4 and
8 M PEO droplets are compared to quantify the effect of
molecular weight at two different impact velocities. The
normalized contact-line diameters are clearly indistinguish-
able during the entire spreading and retraction phases at
the same impact velocity (Fig. 8). The maximum spreading
factors are unnoticeably influenced by polymer molecular
weight because of the diluted concentration of the polymer
solutions. The contact time of droplets on the hydrophobic

a2 Al Blo

Impact dynamics : Anti-rebound

Impact dynamics : Gentle bouncing

Impact dynamics : Gentle bouncing

2mm
25.5ms
26 ] . 4M, We=28
24 8M, We=28
29 A 4M,We=105
<] A 8M, We=105
2.0 A
1.8 4
16 4
O 14 ] Rebound
1.0 4
0.8
06
04
0.2 :
0 14 16

Fig. 8 Temporal variation of the normalized diameter of 0.003 wt%
4 M PEO droplets (filled circle) and 8 M PEO droplets (open circle)
impacted on the Teflon-coated surface at Weber number of 28. The
symbols (filled triangle) and (open triangle) indicate the impact drop-
lets of 0.005 wt% 4 M PEO solution and 8 M PEO solution at Weber
number of 105. Solid arrow indicates that the dimensionless contact
time decreases as Weber number increases

surface decreases with the increase in polymer molecular
weight and impact velocity, as indicated by the solid arrow.
The effect of polymer molecular weight, that is, polymer
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chain length, on the suppression of droplet rebound is
closely related with polymer concentration. These factors
should not be handled independently in the estimation of
anti-rebound phenomenon of PEO droplets. The effect of
molecular weight on the polymer solution is diminished,
when the concentration of the polymer solution is normal-
ized by the critical concentration c¢*. The critical concen-
tration contains the information about the molecular weight
as expressed in Eq. 1. This will be further discussed in the
Sect. 3.5.

3.4 Effect of polymer residue

As shown in Figs. 5d and 7d, polymer residue remained
after the retraction of contact line. However, this residue
is no longer detectable with the use of an optical imaging
system after a certain period. This result implies that the
polymer residue is mostly composed of small-sized drop-
lets of the solution. One possible hypothesis is the forma-
tion of beads-on-a-string (BOAS) structures during the
retraction process. When the polymer-containing filaments
are stretched, BOAS structures are formed in the case of
break up (Bhat et al. 2010). In the same manner, PEO
starts to interact adhesively with the Teflon-coated sur-
face during the retraction of contact line, when the inertia
force pulls the contact line inward. In stretching the work-
ing fluid, small satellite beads are formed. However, to
understand the origin of adhesion forces between polymer
chains and the surface, detailed analysis on the interaction
between polymer surface and working fluid is required.
The present study focuses on the effects of polymer con-
centration and molecular weight on the additional energy
dissipation, rather than revealing the origin of the adhesive
forces.

A two-step experiment was conducted to determine the
role of polymer residue on the anti-rebound behavior of
PEO droplets. At first, a droplet of 0.05 wt% concentrated
4 M PEO solution was impacted on the Teflon-coated sur-
face. The residue area of polymer residue around the pri-
mary droplet is indicated with the horizontal dashed-dot
arrow in Fig. 9 by tracking the maximum spreading factor.
Droplets with the same concentration and molecular weight
are then impacted on the Teflon surface at the position just
next to the impact point of previous droplet to overlap the
residue area of each droplet. The retraction speed of contact
line of the second droplet on the overlapped area (left) is
reduced to half of the non-residue area (right) (marked with
solid and dashed arrows in Fig. 9, respectively). The pixel
intensity of the overlapped residue area is increased com-
pared with that of the non-residue side. This finding sug-
gests that more satellites are formed during the retraction
phase. The second droplet rebounds toward the first drop-
let because of the difference in retraction velocities of the
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Fig. 9 The role of polymer residue on the anti-rebound behavior of
0.05 wt% 4 M PEO droplets. Primary droplet (left) is impacted on
the Teflon-coated surface. Dashed-dot arrow indicates residue area
around the primary droplet. Secondary droplet (right) is impacted on
the residue area of the first droplet. Retraction contact-line speed of
the overlapped area (solid arrow) is slower than that of the original
hydrophobic surface (dashed arrow)

left and right sides (see Movie S1). These results imply that
the polymer residue contributes dominantly to the dissipa-
tion of initial kinetic energy of droplets and suppresses the
rebound phenomenon.

3.5 Theoretical analysis
Figure 10a shows variations of critical We (We*) accord-

ing to the polymer concentration of 4 M and 8§ M PEO
solution droplets. We* is defined as the We at which
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Fig. 10 a Variations of the critical Weber number for 4 M (filled
square) and 8 M (filled circle) PEO droplets according to the poly-
mer concentration. Dashed line and solid line represent the first-order
exponential decay curve fittings of 4 and 8 M PEO solution droplets,
respectively. b Variation of friction factor induced by polymer addi-
tives with respect to the reduced concentration. Solid line indicates a
liner relationship with a slope of 0.55

droplet starts to rebound from the substrate (gentle
rebound). The fitting curve of each solution, dashed line
(8 M) and solid line (4 M), displays the first-order expo-
nential decay. We* increases as the polymer concentration
increases. The values of both polymer solutions are over-
lapped when the concentration is smaller than 0.003 wt%.
This result indicates that molecular weight does not affect
extremely diluted polymer solution. The We* of 8 M
PEO solution is almost three times that of 4 M PEO solu-
tion when the polymer concentration is 0.005 wt%. The
effect of molecular weight increases as the concentration
increases.

The rebound phenomenon of droplets can be estimated
by using the energy-balanced semiempirical model sug-
gested by Mao et al. (1997). Rebound occurs when the
normalized droplet excess rebound energy has a positive
value (Efgg > 0). The droplet excess rebound energy is

a function of the maximum spreading factor and Young’s
contact angle (Eq. 3)

1
Egrp = Zﬁﬁlaxa — €08 6eq) — 0.12823(1 — 05 6eq) "
2, 3)
3,3max

However, the rebound behaviors of polymer solution
cannot be estimated by Eq. 3 because of the additional
energy dissipation by polymer additives. Therefore, the
additional energy dissipation during the retraction phase
must be considered in the energy balance model to obtain
accurate prediction of the rebound phenomena of PEO
droplets. All energy terms and the overall energy balance
for a PEO droplet are discussed below.

Since the impact regime of a droplet belongs to the
capillary regime, viscous dissipation during the spread-
ing phase is negligible, as mentioned in Sect. 3.1. In addi-
tion, because the contact line is driven by inertia in the
spreading phase, an energy balance model can be estab-
lished from the maximum spreading state of the droplet.
A droplet at the maximum spreading state is assumed as a
thin circular disk. Although this assumption is somewhat
unrealistic, yet the models derived based on this assump-
tion are robust and the theoretical analysis on the dynamic
behaviors of a droplet shows good agreement with experi-
mental results (German and Bertola 2009; Healy et al.
2001; Mao et al. 1997; Ukiwe and Kwok 2005). The top
surface area, the circumferential edge area, and the height
of the disk are expressed as (n/4)D12nax’ 27[/3(D8 /Dmax)
and 2/3(D3D2,,). respectively. The contact line of the
droplet is momentarily paused at the maximum spread-
ing state, and the kinetic energy becomes zero. Therefore,
the surface energy of the circular disk represents the total
energy, as follows:

+

E D2 (1 — cosf) + D’
= | - - o
max 4 max 3 Dmax

“)

Here, the surface tensions of liquid—air and liquid—solid
are multiplied to the corresponding surface area of the disk.
Using the Young’s equation, the two different surface ten-
sions are simplified into the liquid—air surface tension and
the initial contact angle.

As suggested by Mao et al. (1997), the energy dissipa-
tion Egissrec during the contact-line retraction can be esti-
mated by the following empirical correlation as a func-
tion of the maximum spreading factor and Young’s contact
angle:

Edissrec = 0.12823 (1 — c0s 0eq) " D} )

max

The above equation was established based on the experi-
mental data by the help of least-square data regression. It
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contains the maximum spreading factor and the Young’s
contact angle. The dimension of the correlation is the same
as the surface energy of a droplet.

During the contact line retraction of a polymer solution
droplet, the additional energy dissipation by polymer addi-
tives Eyg,, can be estimated by modifying the contact-line
dissipation rate (Rpg = 27Tl",l,LfV%), which was formulated by
de Gennes (1985). This simple yet robust equation can be
applied to various cases (inhomogeneous or rough surface,
polymer residue, etc.) where the contact line of the droplet
experiences additional resistance by friction force. Here,
the contact-line dissipation rate is given as a function of
the contact-line friction factor u;and contact-line velocity
v.;- The energy dissipation term modified by the addition of
polymer additives can be described as:

2
Ediss,p = ”Dmaxﬂpvrectrec (6)

where w, is the friction factor induced by polymer addi-
tives. The retraction velocity v,.. and the receding time ¢,..
are experimentally measured. In this equation, the retrac-
tion velocity is obtained by dividing the displacement of
contact line from the maximum spreading state to its origi-
nal diameter by the receding time [v,.. = (Dyax — Do)/teecl-
Since the dimension of Eq. 6 is the same as the surface
energy, it can be directly used in the energy balance equa-
tion to represent the energy dissipated by additional friction
induced by the polymer residue.

When a droplet is gently bounced just above the surface
with its original spherical shape, the final energy E; of the
droplet is only the surface energy of a spherical droplet:

Ef = JTD(Z)G (7

The overall energy balance should satisfy the follow-
ing relation when a droplet is gently rebounded from a flat
substrate:

Emax — Ediss,rec - Ediss,p = Ef (8)

The equation states the energy balance between the max-
imum spreading state and the final rebounded state of the
droplet. Between the two states, energy is dissipated by the
retraction itself and the polymer residue through the retrac-
tion phase. The energy dissipated by the polymer additives
is the only unknown. It can be calculated by substituting
the experimentally measured parameters to the other energy
terms. The friction coefficient ,, is calculated after Egissp
is driven from the energy balance equation which is a func-
tion of polymer concentration and molecular weight. The
effect of polymer molecular weight can be diminished by
using reduced concentration (c/c*), as shown in Fig. 10b,
where c is the concentration of the droplet solution. The
curves of w, for 4 and 8 M PEO solutions fall into a sin-
gle linear curve of p, ~ o (c/c*), where a = 0.55 for PEO
solution.
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Fig. 11 Variations of the normalized droplet excess rebound energy
of polymer solution estimated with Eq. 9 according to the maximum
spreading factor at various capillary numbers Ca,. Efpg , calculated
experimentally for 4 M (filled square) and 8 M (filled circle) poly-
mer solution shows good agreement with the semiempirical estima-
tion. Inset figures show rebound (upper) and anti-rebound phenomena
(below)

The normalized excess rebound energy of PEO droplet
(EERE’I,) can be estimated by using the following semiem-
pirical model, which substitutes Eq. 6 in Eq. 3:

1
Efgg,, = *ﬂﬁlax(l —cosf) — 0.12823 (1 — cos 9)%93

4 max

+

- 1 —Cap(B— 1B )
where Ca, = u,v. /o is a dimensionless capillary num-
ber of polymer droplet representing the relative effect of
the polymer-induced resistance to the surface tension.
PEO droplets gently rebound from the surface when
EERE,p =0.

Figure 11 shows the variations in Efgg , of PEO solu-
tion with various Ca, according to the maximum spread-
ing factor. The general tendency of droplet rebound is
increased as the maximum spreading factor increases at
low Cap values. However, the trend of PEO droplet rebound
is either increased or decreased with increasing Ca,. The
additional energy dissipation caused by polymer additives
is increased as the area of polymer residue (that is, the
maximum spreading factor) increases. This phenomenon is
verified by experimental observations of PEO droplets with
varying polymer concentrations and molecular weights.
When a droplet of 4 M PEO solution with a concentration
of 0.0001 and 0.01 rebounds from the substrate as shown in
the upper inset image of Fig. 11, the corresponding experi-
mentally calculated data points marked as rectangular sym-
bol have positive sign. As the Ca,, of the solution increases,
the experimentally calculated Efgp , starts to show nega-
tive sign and the rebounding phenomena are suppressed
as depicted in the below inset image. This implies that the
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semiempirical estimations are well matched with given the
experimental data.

4 Conclusions

The impact and rebound behaviors of PEO droplets on Teflon-
coated hydrophobic surface were experimentally investigated
by varying the concentrations and molecular weights of the
polymer solution. Energy dissipation caused by the addition
of polymer additives in the spreading phase is not so signifi-
cant when the maximum spreading factors for PEO droplets
at different concentrations are compared. On the contrary, the
effects of polymer concentration and molecular weight are
considerable during the contact-line retraction of droplet. The
tendency of droplet rebound is decreased with increase in the
concentration and molecular weight of the polymer solution.

Polymer residue is optically observed after the con-
tact-line retraction of PEO droplets. The polymer chains
remained on the surface with small satellite droplets in the
form of BOAS structure. The contact-line retraction veloc-
ity of droplets impacted on the residue area is smaller than
that of the normal Teflon-coated surface. The residue area
is nearly similar to the maximum spreading area; thus, the
energy dissipation caused by the presence of polymer addi-
tives is a complex function of the concentration and molec-
ular weight of polymer solution, the contact-line retraction
velocity, and the area of polymer residue.

The friction factor of PEO droplets was estimated by
using an energy balance equation. The friction factor shows
a linear relationship with the reduced concentration, regard-
less of concentration and molecular weight of polymer
solution. A semiempirical model was derived to estimate
the rebound tendency of a PEO droplet, which is a function
of the maximum spreading factor and capillary number of
polymer solution. This study is beneficial for understanding
the origin of contact-line friction of a polymer solution and
the effects of its concentration and molecular weight on the
anti-rebound of PEO droplets.
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