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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: The presence of hydrodynamic slip of water on smooth hydrophobic surfaces has been debated
Hydmd}’ﬂaf_ﬂ%c slip intensely over the last decades. In recent experiments, the stronger bounce of free-rising bubbles from smooth
:y]c)i;;phobmty hydrophobic surfaces compared to smooth hydrophilic surfaces was interpreted as evidence for a significant
u es

water slip on smooth hydrophobic surfaces.

Experiments: To examine the possible water-slip effect, we conduct well-controlled experiments comparing the
bouncing dynamics of millimeter-sized free-rising bubbles from smooth hydrophobic and hydrophilic surfaces.
The hydrophobic surfaces were graphite or Teflon, and the hydrophilic surfaces were glass or mica. To avoid
contamination, the experiments were conducted in pure water without any surface-active additives. Numerical
simulations were also used to compare the bounce of the bubble from a no-slip and free-slip walls.

Finding: Our experiments show that the free-rising bubbles in pure water bounce identically from the smooth
hydrophobic graphite or Teflon surfaces as from smooth hydrophilic mica or glass surfaces. The bubble bounce
from all four surfaces is in excellent agreement with the numerical simulation of a bubble bouncing from a flat,
no-slip wall. At the same time, numerical simulations for bubbles bouncing from a free-slip wall predict up to
two-fold stronger bouncing amplitudes. Our experiments and numerical simulations, including estimates of the
shear rates, confirm the no-slip boundary condition for water on smooth hydrophobic surfaces.
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1. Introduction

The boundary condition between a solid and a liquid, between two
immiscible liquids or between a gas and a liquid, is a fundamental
property that determines the fluid flow and hydrodynamic interactions
in various naturally occurring and practically important colloidal sys-
tems. Examples include the interaction between deformable bubbles and
droplets [1,2] as well as flow in porous media and microfluidic devices
[3,4]. It is generally accepted that the fluid molecules in contact with
solid interfaces move with the same velocity as the solid in tangential
and normal directions. This is the no-slip boundary condition. The
tangential velocity between two immiscible fluids is determined by the
ratio of the fluids’ viscosities. Due to the significant difference in vis-
cosity between a gas and a liquid, a clean gas-liquid interface is unable
to sustain tangential stress and is expected to be tangentially mobile.
Such interfaces are referred to as tangentially mobile or simply mobile
fluid interfaces. In practical situations, surface-active contaminants or
the addition of surfactants can immobilize the gas-liquid or liquid-
-liquid interface due to Marangoni-stress effects [5,6]. Such fluid in-
terfaces are referred to as tangentially immobile or immobile fluid
interfaces (no-slip).

For the case of fluid flow in confined spaces, the no-slip boundary
condition has been challenged by a slip boundary condition, which as-
sumes that there can be a finite tangential velocity of the liquid adjusted
to the solid wall. One common phenomenological model to characterize
slip is the use of the Navier condition that relates the tangential fluid
velocity at a solid boundary to the tangential derivative of the fluid
velocity in terms of the slip length parameter. This condition is given as
W = b(duy/dy)|y—o, where 12 is the fluid tangential velocity near the
interface, (du,/dy) is the velocity gradient in normal direction to the
interface and b is a phenomenological parameter known as the Navier
slip-length, used to parametrized slip (see schematics in Fig. 1). In the
case of water, slip is expected to be more significant over a smooth
hydrophobic surface than a smooth hydrophilic surface. The existence
and the magnitude of the slip of water on smooth hydrophilic or hy-
drophobic surfaces has been debated in the literature over the last de-
cades [7-17]. A major part of the experimental evidence comes from
atomic force microscopy (AFM) colloidal probe experiments. At the
same time, it is recognized that the accuracy of such experiments can be
affected by multiple factors, and the measured slip lengths, ranging from
few to tens of nanometres, often are within the limit of the experimental
error [11,12,17]. One of the latest AFM investigations shows no
measurable slip on smooth hydrophilic and hydrophobic surfaces and
discusses possible artifacts [17].

We note that apart from the “true slip” of liquids over solids dis-
cussed here, the Navier slip length concept is often used as an apparent
slip length, which subsumes effects related to the surface’s roughness
[18,19], the presence of nano-bubbles on hydrophobic surfaces, or thin
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Fig. 1. Schematic representation of the solid-liquid interface (a) no-slip
boundary condition and (b) slip boundary conditions with a slip length b.
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gas layer (plastron) sustained on superhydrophobic surfaces [20-22].

In our recent studies, we have demonstrated an alternative way of
determining the mobility of liquid interfaces, by observing the bouncing
dynamics of free-rising millimetre-sized bubbles in liquids. Bubbles in an
ultrapure fluorocarbon liquid or pure water bounce significantly stron-
ger from a mobile than an immobile fluid interface (up to twice-as-large
bouncing distance) [23-25]. The stronger bounce was explained by
lower viscous losses in the flow around the bubble during its bounce
from a mobile fluid interface than the immobile fluid interface. Nu-
merical simulations suggest that the same effect should be observed for a
bubble bouncing from a flat solid interface, with a bubble bouncing
stronger from a mobile or free-slip flat solid than from a no-slip flat solid.
[23,26].

More recently, Pawliszak et al. studied the bouncing of free-rising
bubbles in water from a smooth graphite substrate, the hydrophobici-
ty of which was modified by the adsorption of surface-active bio-
polymers [27]. They found that bubbles bounced more strongly from the
unmodified hydrophobic graphite or Teflon substrate compared to the
bouncing from graphite substrates modified by biopolymer adsorption.
The more than two-fold stronger bouncing amplitude from the hydro-
phobic substrates compared to the hydrophilic substrate, was in this
study interpreted as evidence of a significant water slip on the smooth
hydrophobic surfaces during the bubble bounce.

Here, to test the claims for water slipping in bubble bouncing ex-
periments, we aim to conduct well-controlled free-rising bubbles
bouncing from smooth hydrophilic and smooth hydrophobic surfaces
experiments. As in the study of Pawliszak et al. [27], we use molecularly
smooth Highly Oriented Pyrolytic Graphite (HOPG) as well as poly-
tetrafluoroethylene (PTFE, commercially known as Teflon) as hydro-
phobic surfaces. To avoid any possible contamination from surface-
active components, here as hydrophilic substrates, we use flat glass
slides or molecularly-smooth mica samples. Another important point to
clarify is that the majority of prior studies investigated slip on substrates
rendered hydrophobic through the deposition of silane monolayers or
hydrophobic polymers, which may exhibit more complex hydrodynamic
behaviour [9-19]. In the present work, as in Pawliszak et al., we
consider only smooth unmodified solid surface of high hydrophobicity,
such as graphite and Teflon.

First, we will briefly review experiments on the bubble bounces from
mobile and immobile water—air interfaces, that demonstrate the effects
of interface mobility on the bouncing dynamics. Next, we will compare
the bubbles in water bouncing from the two hydrophilic and two hy-
drophobic substrates and numerical simulation of the same bubble
bounces from the no-slip and free-slip solid interfaces. Finally, we will
use the simulation results to estimate the shear rates on the substrates
during the bubble bounce and how they compare to prior investigations
estimated slip length shear rate dependencies.

2. Experimental methods and numerics
2.1. Hydrophilic and hydrophobic substrates

We studied the bouncing of free-rising bubbles in water against four
different substrates to contrast how they bounce from smooth hydro-
philic and hydrophobic surfaces. The hydrophilic substrates were glass
and mica, and the hydrophobic substrates were polytetrafluoroethylene
(PTFE) and Highly Ordered Pyrolytic Graphite (HOPG). The glass sub-
strates were Fisher cover glass slides. The mica, HOPG, and PTFE sam-
ples were all purchased from SPI® Supplies. The mica samples were SPI-
Chem Mica Grade V-1, and the HOPG samples were SPI-1 Grade. The
PTFE samples were prepared from SPI supplied by PTFE Beaker Covers.

The surface roughness of the samples was evaluated by atomic force
microscopy (AFM) imaging (Supplementary Fig. S1). As expected, the
freshly cleaved mica and HOPG are molecularly smooth with an RMS of
less than 0.1 nm. The glass substrates were also very smooth, with an
RMS of about 0.3 nm over a 1 um? area. The PTFE samples were
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flattened by compressing them against a freshly cleaved mica surface
and heating them to about 280 °C for 24 h [28]. This resulted in
smoothing of the PTFE surface to an RMS of about 4.5 nm over a 1 um?
area.

Following the washing of the glass surface with acetone, water, and
mild plasma cleaning, it becomes hydrophilic with apparent water
contact angles of less than 10°. The freshly cleaved mica surface is hy-
drophilic and has apparent water contact angles of less than 10°. The
flattened PTFE samples have the largest water contact angles, reaching
120°. The apparent water contact angle on the freshly cleaved HOPG
samples is about 90°. An alternative way to demonstrate the substrates
hydrophobicity is by the contact angle of the air bubbles following
coalescence with the interface, as shown in Supplementary Fig. S2a for
the PTFE sample and Supplementary Fig. S2b for the HOPG sample. In
contrast, the bubble sits on the glass or mica surfaces without coalescing
for a longer time (seconds), as seen in Supplementary Figs. S2c and d.

2.2. Experimental setup and protocol

The experimental setup we used to monitor the bubble free-rise and
bouncing from the flat substrate is illustrated in Fig. 2a. This setup is
essentially the same as in our earlier research on bubble dynamics in
perfluorocarbon liquids and aqueous solutions [23-26]. The container
was a glass cell with a cross-section of 15.0 x 5.5 cm and a height of
10.0 cm. A glass micro-capillary of 100 pm inner diameter is mounted at
the bottom of the cell. By altering the air pressure feeding to the capil-
lary, we can produce air bubbles whose diameters vary between 0.60
and 1.60 mm. The flat samples used in the study (glass, mica, PTFE,
HOPG) were mounted on a vertical holder of a 3D micromanipulator,
which was used to lower the samples into the water.

The bubbles’ free-rise and bouncing from the flat substrates were
captured using a high-speed camera (Photron-SA5) fitted with a long-
distance microscope and a 5x magnification objective (Mitutoyo),
achieving a resolution of 4.0 pm/pixel. The high-speed videos were
recorded at a standard rate of 5000 frames per second (fps) with a
shutter speed of up to 1/15000 s to minimize image smearing and ensure
sharper contrast.

Before conducting the experiments, the glass vessel underwent
plasma-cleaned and was rinsed with deionized water. The study focuses
on bubbles with an undeformed diameter between 0.80 and 1.60 mm.
The free-rising bubbles take an oblate ellipsoidal shape within this size
range, as illustrated in Fig. 2b. To characterize the bubble size, we
employ the equivalent diameter, D = (Dﬁ Dv)l/ 3, where Dy, and Dy
represent the horizontal and vertical ellipsoidal diameters. The bubbles
were released from a depth of more than 2.5 cm below the water-air
interface to ensure they reached terminal velocity before contacting the
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surface. The position of the bubble’s center of mass over time, H(t), was
measured relative to the flat sample surface, where H = 0 corresponding
to the undeformed bubble in contact with the sample (Fig. 2b).

Water used in our experiment was purified in a Millipore apparatus
and has an internal electrical resistivity of no less than 18.4 MQ cm. The
Millipore-grade water purity ensures that the bubble rise velocities are
consistent with the mobile bubble interface, over the full range of the
bubble sizes used herein, D = 0.80 to 1.60 mm.

2.3. Gerris numerical simulations

Building on our previous studies of bubbles bouncing off interfaces in
a perfluorocarbon liquid PP1, ethanol, water [23,24] and a water—glass
surface [26], we performed numerical simulations using the open-
source Gerris Flow Solver [29-32]. This software employs the volume-
of-fluid (VOF) method to solve the incompressible Navier-Stokes equa-
tions. Its adaptability to axisymmetric geometries and use of local
adaptive mesh refinement makes it highly efficient for simulating the
collisions of bubbles and droplets with interfaces.

The generic Gerris code allows the implementation of both no-slip
and free-slip boundary conditions at the top wall. The simulation uses
the nominal physical parameters of the system: water density is 997.8
kg/m> and water viscosity is 1.00 mPa s. Air density is 1.21 kg/m°>, and
viscosity 1.81 x 10~2mP s. The water-air surface tension was set to 72.4
mN/m. All simulations start with an adaptive mesh at a refinement level
of 11. As the bubble approaches and bounces off the interface, the
refinement level is progressively increased to resolve the thin liquid film
between the bubble and the interface. In certain cases, with a free-slip
top-wall boundary condition, the adaptive mesh level is increased up
to 17 to ensure adequate resolution. The simulations conducted here are
identical to those in our work on bubbles bouncing from a glass surface
[26] but have now been repeated using various bubble sizes. Full details
on the Gerris method can be found in our prior related works [23,24,26].

3. Results and discussions
3.1. Mobility of free-rising bubbles

To correctly interpret the bouncing dynamics of the bubbles from
solid interfaces, we must first evaluate the interface mobility of the free-
rising bubbles in our experiments. A simple and reliable method to
determine this mobility is to measure the terminal velocity of free-rising
bubbles. Bubbles with mobile interfaces experience reduced viscous
stress, enabling them to rise faster than those with immobilized in-
terfaces. For the bubble size range considered in our study, the bubbles
deform to take an ellipsoidal shape, and the terminal free-rise velocity of

(b)

H (t) +D/2

Fig. 2. (a) Schematic of the experimental setup. (b) Schematic of an oblate ellipsoidal bubble with horizontal diameter Dy, and vertical diameter Dy as it approaches

the flat sample.
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a bubble with a mobile interface can be accurately predicted using
Moore’s theory for deformable bubbles at high Reynolds numbers
[33,34]. However, due to Marangoni stress effects, even trace contam-
ination can render the bubble surface partially or fully immobilized
[2,35]. In the limiting case of immobile spherical bubbles at high Rey-
nolds numbers, the terminal rise velocity is significantly lower and can
be predicted by the Schiller-Naumann empirical correlation [34]. As
established in prior studies, Supplementary Fig. S3 shows that for Mil-
lipore grade purity water, the free-rise velocity of bubbles of D = 0.80 to
1.60 mm aligns closely with Moore’s theory for bubbles exhibiting a
fully mobile interface [24,34].

3.2. Bubbles bouncing from mobile or immobile water—air interfaces

Assessing the mobility of the water pool interface from which a free-
rising bubble bounces is more complex than determining the mobility of
the free-rising bubble [24,34]. As noted in the introduction, our recent
studies present an alternative method for evaluating the mobility of the
pool interface by comparing the bounce dynamics of free-rising bubbles
at mobile and immobile liquid interfaces [23-25]. Due to lower viscous
losses, free-rising bubbles will bounce stronger from a mobile interface
than from an immobile interface.

For the case of pure water in the pool, the water—air interface was
made immobile by applying a Langmuir monolayer of arachidic acid
(AAc) molecules [24]. The monolayer concentration is adjusted to be
high enough to fully immobilize the interface without changing its
surface tension. Video 1 is an example contrasting the bouncing of D =
1.00 mm bubble from the pure water-air interface and from a water
interface immobilized with the AAc monolayer. Fig. 3 shows the bubble
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Fig. 3. (a) High-speed camera snapshots from Video 1 showing the bounce of
bubbles with a diameter of D = 1.00 mm from a pure mobile interface water
pool compared to a water surface immobilized with an AAc monolayer. (b)
Trajectory of the bubbles center-of-mass extracted from Video 1, for the case of
bubble bouncing from the pure water—air interface (red triangles), or from the
water—air interface with deposited AAc monolayer (blue squares). Figure is
adopted with permission from the study of Vakarelski et al. [24]. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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center of mass vs time, which is extracted from these videos. As seen in
Video 1 and Fig. 3, the bubble bounces significantly stronger from the
mobile than from immobile water—air interface. This is quantified as the
ratio of amplitudes for the first bounces, by,/bim = 1.5, where bj, is the
first bounce amplitude from immobile water-air interface with the AAc
deposited, and by, is the first bounce amplitude from the mobile pure
water-air interface (see Fig. 3b). A similar effect is confirmed for the
entire bubble sizes range investigated, i.e. between D = 0.80 to 1.60 mm.
The corresponding ratios of by,/biny, range between 1.8 and 1.2. The full
details of this investigation can be found in Vakarelski et al. [24].

3.3. Bubbles bouncing from smooth hydrophilic or hydrophobic solid
surfaces

Following the study of bubbles bouncing from water-air interfaces
[24], we next investigated the bouncing of free-rising bubbles from a flat
glass surface in water [26]. The experimental bubble trajectories
measured in this study agreed with trajectories from Gerris numerical
simulations (GNS), for mobile bubbles bouncing from a no-slip solid
wall. At the same time, the GNS for mobile bubbles bouncing from a free-
slip wall predicted a significantly stronger bounce. In the same study,
during the bubble bouncing from a glass interface, we demonstrated that
the shape of the interferometrically-measured thin liquid film profiles,
between the top of the bubble and the solid wall, was also in excellent
agreement with the GNS profiles for the case of mobile bubble bouncing
from a no-slip solid wall.

Here, we extend the above discussed bubbles bouncing from the flat
glass interface investigation by measuring the free-rising bubble
bouncing from mica, HOPG, and PTFE interfaces. In this way, we can
compare the bouncing strength in water from two hydrophilic smooth
interfaces, mica, and glass, with bouncing from two hydrophobic
smooth interfaces, HOPG and PTFE. A stronger bounce of the bubbles
from the hydrophobic surface compared to the hydrophilic surfaces
could indicate an effective water slip on the hydrophobic surfaces, as the
Pawliszak et al. study has claimed [27].

Video 2 compares the bouncing of identical size D = 1.10 mm bub-
bles from the hydrophilic glass surface and the strongly hydrophobic
PTFE surface. In the same video, the bouncing is contrasted with the
bouncing results using the GNS, for both the no-slip and free-slip wall
cases. Video 3 shows another example comparing the bouncing of D =
1.30 mm bubbles from the hydrophilic mica surface with the hydro-
phobic HOPG surface and GNS for no-slip and full-slip walls. Fig. 4a
shows snapshots and Fig. 4b the bubble center-of-mass trajectories
extracted from Video 2. Fig. 4c shows snapshots and Fig. 4d the bubble
center-of-mass trajectories extracted from Video 3. As seen in both of
these examples in Video 2, Video 3, and Fig. 4 the bubble bounce tra-
jectories for the paired hydrophilic and hydrophobic surfaces are iden-
tical and in excellent agreement with GNS for the bouncing from a no-
slip wall. At the same time, the GNS for the bounce trajectory from a
free-slip wall predicts a stronger bounce by a factor of bjy,/by ~ 1.5 for
the D = 1.10 mm bubble and bi,/by~ 1.3, for the D = 1.30 mm bubble.
The GNS of bounces from a no-slip wall correctly predicts the bubble
trajectory and the complex way the bubble shape changes when the
bubble bounces from the interface [Video 2, Video 3].

The only observed difference between bubbles bouncing from hy-
drophobic and hydrophilic surfaces seen in our experiments was that
after the initial sequence of bounces, the bubble is faster to coalescence
with the hydrophobic surface, as is seen in Video 2 for the case of bubble
bouncing from the PTFE. The faster coalescence of the bubbles on the
hydrophobic surface is expected and can be due to the hydrophobic
forces or surface nano-bubbles presented at the hydrophobic interfaces
[36].

The same results, as demonstrated in Videos 2 and 3, were repeated
for the entire range of bubble sizes, using the four different substrates.
Fig. 5 summarizes multiple experimental results for all of the substrates,
now presented as dimensionless bouncing amplitudes of the first bounce
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Fig. 4. (a) Snapshots from Video 2 illustrating the bounces of bubbles with a
diameter of D = 1.10 mm, compared against GNS predictions. (b) Trajectory of
the bubble center-of-mass extracted from Video 2, showing the bouncing from
glass (blue triangles), PTFE (red circles), and GNS for no-slip wall (solid blue
line) or free-slip wall (solid red line). (c) Snapshots from Video 3 paralleling the
bounce of D = 1.30 mm bubbles with GNS predictions. (d) Trajectory of the
bubble center-of-mass extracted from Video 3 for the case of bubble bouncing
from mica (blue diamonds), HOPG (red squares), and GNS for no-slip wall
(solid blue line) or free-slip wall (solid red line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

b/D [Fig. 4b]. This is compared with the GNS predictions for bouncing
from no-slip and free-slip interfaces. For the entire range of bubble sizes
studied, from D ~ 0.80 to 1.40 mm, the first bounce amplitudes for all
four substrates agree with each other and with the GNS results for the
no-slip wall. In contrast, the GNS results for a free-slip wall predict
significantly larger first bounce amplitudes. We note that the difference
in bouncing amplitudes for free-slip compared to no-slip walls in the
GNS simulations have a similar magnitude as the experimental results
for bubbles bouncing from mobile and immobile water—air interfaces.
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Fig. 5. Dimensionless first bounce distances, b/D, as measured in experiments
with free-rising bubbles in pure water, bouncing from mica (empty blue di-
amonds), HOPG (empty red squares), glass (empty blue triangles), and PTFE
(empty red circles) compared with GNS b/D values for bubbles bouncing from a
no-slip wall (solid blue circles) or free-slip wall (solid red squares). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

In summary, our bubble-bounce experiments showed no evidence of
water slip on the smooth hydrophobic surfaces investigated, HOPG and
PTFE. The experiments for the bubbles bouncing from both hydrophobic
and hydrophilic surfaces are in excellent agreement with each other and
with the numerical simulations for bubbles bouncing from a no-slip flat
wall. The agreement of bubble-bounce kinematics with the no-slip
boundary condition on the wall is not surprising. In fact, all prior
work we know of include numerical simulations by other groups [37]
and analytical modeling, as for example the force-balance model
developed by Manica et al. [38,39], show excellent agreement with the
experimental data applying the no-slip boundary condition on the solid
wall. Notably the Manica el al. [38] modeling demonstrates excellent
no-slip wall agreement for bubbles bouncing from both Teflon and glass
interfaces, using data from Kosior et al. [35].

Based on our experiments, numerical simulations, and prior analyt-
ical models, one can conclude that the recently observed decrease in the
bubble bounce distance from hydrophilic surfaces in the work of Paw-
liszak et al. [27], is most probably due to contamination of the bubble
from the biopolymers used to increase the substrate hydrophilicity. A
direct comparison of our data with the data of Pawliszak et al. for the
bubbles bouncing from a Teflon interface shows almost identical first
bounce distance (for D = 0.8 mm; d/D ~ 0.33 in [27] and d/D ~ 0.35 in
this work). This means that instead of an increase in the bubble bouncing
distance due to slip on hydrophobic surfaces, this study measures a more
than two-fold decrease in the bubble bounce distance when the surface is
modified with the biopolymer. The only reasonable explanation for such
a dramatic decrease in the bounce amplitude is contaminations by the
biopolymer and related immobilization of the bubble interface by
Marangoni stress effects [5,6]. A similar reduction in the bubble bounce
amplitude, due to different levels of bubble contamination, has been
demonstrated in the works of Manica et al., modeling experimental data
for bubbles bouncing from glass surfaces [39,40].

The same approach used here to compare the water bubble bouncing
from smooth solid hydrophilic and hydrophobic interfaces could also be
applied for superhydrophobic surfaces, e.g. microstructure hydrophobic
surfaces of water contact angle of more than 160°. When dipped in water
the superhydrophobic surfaces sustain a thin air layer, referred to as a
plastron. However, conducting reproducible bubble bounce experiments
on microtextured surfaces is significantly more challenging than on flat
solid surfaces due to several factors. First, the properties of the plastron
depend on variables such as the type of the textured surface and the
duration of its immersion in water. Second, an additional complication
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is that bubbles tend to coalesce upon their first collision with the plas-
tron, often without bouncing back. This phenomenon has been exploited
in studies aiming to enhance rapid bubble coalescence and collection
[41-44]. In a related study, Rapoport et al. [44], provides limited data
suggesting that, while bubbles coalesce much faster on textured sur-
faces, in cases where a bubble does bounce back without coalescing, the
bounce kinetics are not significantly different between flat and air-
retaining microtextured surfaces. The identical bounce is not that sur-
prising considering that the plastron layer is typically thin (microns or
less) and remains pinned to the substrate. Using a similar super-
hydrophobic coating as in the work of Rapoport et al. (Glaco by Soft 99
[45]) experiments with free-falling superhydrophobic spheres showed
that the plastron-related partial-slip effects on the drag on a sphere
became noticeable only at Reynolds numbers exceeding 10° [46]. In
contrast, free-rising bubbles in pure water exhibit fully mobile behavior
at Reynolds numbers above 100. Nevertheless, further detailed investi-
gation into bubble bouncing on superhydrophobic surfaces is necessary
to comprehensively evaluate the sensitivity of this approach in detecting
slip effects on such surfaces.

3.4. GNS estimation of the shear rates

The magnitude of the shear rate and the related shear stress at the
solid interfaces are a major factor that could determine the initiation of
the liquid slip on a solid surface [8,9,15]. Here, we use the GNS results to
estimate the shear rates on the flat interfaces during the bubble bounce.
The shear rate y, and shear stress, 7 on the surface during the bubble
bounces from the interface can be estimated as:

y=u}/h €))

t=uu/h @
where u is the dynamic viscosity of the liquid, u? = u,(y = h) is the fluid
tangential velocity (parallel to the flat wall) at the bubble interface and h
the thin liquid film thickness (Fig. 6a).

Video 4 is a GNS generated video that visualizes the tangential ve-
locity field during the bouncing of a 1.30 mm bubble from the no-slip
wall. Fig. 6 illustrates several snapshots from this video, zooming in
on the thin liquid film formed during the bubble’s first approach to the
interface. Using the simulation data, we estimate that the maximum
shear rate during this first bounce is about 30,000 s~! and the shear
stress is about 30 Pa (Fig. 6).

In AFM experiments, the approach velocity of the probe to the in-
terfaces is typically lower than the bubble approach velocities in our
experiments (uy ~ pm/s (AFM) vs. cm/s (bubble)). However, because in
AFM experiments the probe can be driven down to contact with the
substrate (h ~ nm (AFM) vs. um (bubble)), shear rates can vary from
about 10" to 10° s~! [15]. In molecular dynamics simulations, a much
higher shear rate is typically used y ~ 10! s [47]. Despite the com-
parable shear rates in AFM experiments and orders of magnitude higher
shear rates used in simulations, the slip length is typically only a few to
tens of nanometers. The low shear rates and expected slip-length mag-
nitudes in the bubble bounce experiments further suggest that it is un-
likely that any water slip effects could be detected in experiments on the
bubble bouncing from solid surfaces.

4. Conclusions

The existence and the magnitude of the hydrodynamic slip of water
on smooth hydrophobic surfaces has been long debated [7-17]. In most
of these previous studies, such phenomena were expected in confined
flow configurations, and the slip length could vary from several to tens
of nanometers. In a recent study, the observed difference between
bubbles bouncing from smooth hydrophobic surfaces (Teflon or
graphite) and hydrophilic polymer-modified graphite was interpreted as
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Fig. 6. Snapshots from Video 4 visualizing the tangential velocity field (parallel
to the wall) for a 1.30 mm bubble bouncing from a no-slip wall. The snapshots
are zoomed in on the thin liquid film during the first approach of the bubble to
the interface at times 3.80 ms (a), 4.00 ms (b) and 4.20 ms (c). In the last panel,
at time 4.20 ms, u}'i ~ 65.0 cm/s, h =~ 22 um, and y ~ 30,000 s~L. The color scale
on the right shows the magnitude of the tangential velocity used in the video.

evidence of a significant water slip on the smooth hydrophobic surfaces
[27].

To examine the possible water slip reported in this prior investiga-
tion, we compare the bouncing of free-rising mobile-interface bubbles
from the smooth hydrophobic surfaces of Teflon or graphite with the
bouncing from a smooth hydrophilic surface of glass or mica. Our ex-
periments demonstrate that the bubbles bounce identically from the
hydrophilic and hydrophobic surfaces for the entire range of bubble
sizes studied, i.e. D = 0.80 to 1.40 mm. The experimental bouncing
dynamics of the bubbles agree perfectly with numerical simulations of
bubbles bouncing from a smooth no-slip wall. In contrast, simulations of
the bubble bounce from a free-slip wall predict a much stronger bounce.
Our study thus confirms the no-slip boundary conditions during the
interaction of millimeter-range bubbles on smooth solid hydrophilic or
hydrophobic surfaces. Future investigations can be directed to more
complex hydrophobic surfaces such as hydrophobic polymer modified
surfaces and plastron sustaining superhydrophobic surfaces.

Although the present study uses free-rising bubbles, we expect the
no-slip boundary condition at the solid-water interface to hold for
interaction in various practically important colloidal systems involving
similar size range deformable bubbles, droplets, and solid colloidal
particles [23,48].
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