ROYAL SOCIETY

OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Bubbles nucleating on superhydrophobic

’ '.) Check for updates ‘
micropillar arrays under flowf

Cite this: Soft Matter, 2019,
15, 8175 *30 Eriedhelm Schénfeld,® Michael Kappl® and

a

Bat-El Pinchasik,
Hans-Jurgen Butt

When a supersaturated aqueous solution flows over a microstructured, hydrophobic surface, bubbles
tend to nucleate. Here, we control heterogeneous nucleation of gas bubbles from supersaturated CO,
solution. By designing the shape, size, and arrangement of hydrophobic micropillars and by adjusting the
flow we obtain uniform nucleation patterns. It is possible to selectively turn nucleation on and off.
We use laser scanning confocal microscopy to resolve nucleation in early stages at the micropillar—
substrate intersection. Numerical simulations show a correlation between minute pressure drops behind
micropillars and nucleation sites. Bubbles nucleate uniformly behind pillars of the same size. The flow
profile further contributes to the uniform growth of the bubbles. We control heterogeneous nucleation
by varying micropillar geometry or size, flow direction and rate. While nucleation behind square pillars
is independent of the flow direction, nucleation behind round micropillars is coupled with the
direction. Nucleation behind triangular micropillars is bifurcated. These observations pave the way for
the replenishment of the gas layer entrapped in between hydrophobic surface features, needed for
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Introduction

Bubble formation by heterogeneous nucleation on surfaces is a
highly relevant phenomenon in various academic and industrial
applications. The creation of an air phase underwater changes
the heat transfer between interfaces,™* flow pattern close to the
solid/liquid interface,? tribological properties,* chemical compo-
sition in the surrounding medium®® and the superhydrophobic
state of structured surfaces.””® However, controlling the place
and exact time of heterogeneous nucleation is elusive.” This
difficulty arises from the dependency of nucleation on local
roughness,'® gas concentration in the solution"* and pressure.'>
Various attempts were made in order to control nucleation of
bubbles at the solid/liquid interface including the use of ultra-
sonic waves,® surface cavities,” temperature and surfactants," and
biphilic surfaces (chemically patterned hydrophobic/hydrophilic
surfaces).”® These attempts, however, require high pressures, the
use of distinctive chemical moieties or temperature regulation.
As many natural and synthetic surfaces are structured,'*"” it is of
high interest to use the potency of morphology for controlling
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heterogeneous nucleation. Previous studies showed the power of
geometry in nucleation of droplets from vapor'®™® or
solutions," and in shaping foams in 2D.*° Yet, the impact of
surface micromorphology and curvature on bubble nucleation
under flow was not experimentally studied.

In this study, we designed superhydrophobic surfaces made
of micropillars with varying size, position and shape. Using
laser scanning confocal microscopy (LSCM), we were able to
resolve the nucleation and growth of CO, bubbles from super-
saturated aqueous solution. Nucleation is suppressed or induced
based on the micropillar size and geometry. We show that the
shape of the micropillars can change the nucleation site or
whether nucleation occurs at all. Symmetry break in the micro-
pillar size and arrangement gives rise to nucleation patterns,
including bifurcation,*® and the size of surface features can
either promote or suppress heterogeneous nucleation.

A central motivation focuses on finding a process which
allows reestablishing the Cassie state of submerged super-
hydrophobic surfaces.?” Such surfaces have been demonstrated
to reduce hydrodynamic drag,>*>” used as membranes for gas
exchange, such as in CO, capturing, and prevent biofilm
formation.*®* These features, however, only exist in the so-called
Cassie state, in which only the top faces of the characteristic
protrusions of the rough surface are in direct contact with water.
In between, a layer of air is maintained. In superhydrophobic
submerged surfaces the lifetime of the Cassie state is limited
by the hydrostatic pressure and dissolution of gas in water.>*>*
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Therefore, finding methods to replenish or even rebuild the
Cassie state is of high interest.>® Exposing superhydrophobic
surfaces to water, supersaturated with gas, holds a great
promise for replenishing the Cassie state as it induces sponta-
neous nucleation and can be controlled as shown in this study.

Materials and methods
Micropillar surface

Micropillar surfaces are produced via photolithography. Clean
glass slides (170 um thick) are spin-casted with the negative
photoresist SU-8 (3025, Microchem, Germany). After a pre-bake
step (65 °C for 5 min, 95 °C for 10 min, 65 °C for 30 min, slowly
cooling down to room temperature overnight), UV illumination
(250 W, 25 s) through a chromium mask and post-baking (65 °C
for 5 min, 95 °C for 10 min, 65 °C for 30 min, slowly cooling
down to room temperature for 90 min) the samples were
immersed in the developer solution (3 min). The non-crosslinked
areas are rinsed off with 2-isopropanol. Finally, the samples
were heated (150 °C for 30 min) and slowly cooled to room
temperature overnight. After synthesis, micropillar surfaces are
placed in a NaOH solution (0.1 M) overnight and coated
with (1H,1H,2H,2H)-perfluorooctyl-trichlorosilane via chemical
vapor deposition for 3 h. Then, vacuum is applied overnight to
remove unreacted silanes. The resulting contact angle of the
flat coated surface is 105° £ 3°.

Confocal microscopy and microfluidics

A microfluidic cell (ibidi GmbH) was used, together with a
peristaltic pump to regulate flow through the chamber. The flow
direction can be reversed by reversing the rotational direction of
the pump. At the bottom of the microfluidic chamber a micro-
pillar decorated surface was placed and sealed. The microfluidic
chamber could be placed in an angle of up to 20° with respect to
the pillar surface without leakage to occur. This misalignment
was used in the experiments presented in Fig. 5. Consecutive
nucleation cycles within each experiment differ by few seconds.
The supersaturated solution was not diluted or mixed with other
solutions of different concentration and the container was kept
sealed during the experiment.

A laser scanning confocal microscope (Leica) was used to
monitor the nucleation and growth of bubbles. CO, super-
saturated solution (Rossmann GmbH, Germany) ([HCO; ] =
325 mg L', supersaturation levels 3-5) was flown through
the chamber. Water soluble dye, N,N’-(2,6-diisopropylphenyl)-
1,6,7,12-tetra-(1-methylpyridinium-3-yloxy)perylene-3,4,9,10-tetra-
carboxylic acid diimide tetramethane-sulfonate (WS-PDI) was
added (5 ug mL™") to the supersaturated solution for 3D image
reconstruction.

To analyze bubble nucleation, a hydrophobic glass slide covered
with micropillar arrays of different shapes and arrangements was
placed onto the bottom of a microfluidic cell. CO, supersaturated
aqueous solution was pumped through the cell using a peristaltic
pump, with flow rates in the range of 3-36 UL s~ . The microfluidic
cell was 450 um high, 3.8 mm wide and 17 mm long. Bubble
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Fig. 1 (a) The experimental setup: a microfluidic chamber monitored by a
laser scanning confocal microscope. (b) Confocal micrographs of different
micropillar surfaces used in this study: (i) square, (i) round with alternating
diameter, (i) uniformly aligned triangles and (iv) triangles pointing in
alternating directions. Scale bar: 100 pm.

formation was imaged by a laser scanning confocal microscopy
(LSCM) (Fig. 1a). Fig. 1b depicts confocal micrographs of the
different micropillars designs in this study: (i) square, (ii) round
with alternating diameter, (iii) triangular-uniformly oriented and
(iv) triangles pointing in alternating directions.

Numerical simulations

Within numerical FEM simulations, pressure and velocity dis-
tributions are computed. The aim is to provide local pressure
profiles at the start of bubble nucleation, close to the micro
structures. The nucleation itself and bubble growth is not
covered. Within a steady state approach no slip boundary
conditions were applied at liquid/solid interfaces. The side
walls of the fluidic cells are neglected and we assume a periodic
flow behavior in the direction transversal to the main flow,
i.e. identical flow fields in all rows of micropillars. Therefore,
the model geometry comprises half a row of micropillars and
symmetry boundary conditions are applied in transversal flow
directions. The steady state Navier-Stokes equations have been
solved using the FEM software package COMSOL.*” The fluid
volume in the layer of the micropillars has been meshed using
prism cells with heights in micron and submicron ranges.
The rest of the fluid volume has been meshed by tetrahedral
cells with typical dimensions of a few microns close to the
pillars up to about 30 microns far away. Overall, the meshes
comprise typically between 200000 and 300000 volumetric
cells. A parabolic flow profile has been applied at the inlet,
whereas a constant pressure has been specified at the outlet.
The fluid properties are set to those of water. By means of mesh
sensitivity tests, it was assured that discretization errors are
discernable.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Confocal laser scanning micrographs of bubbles nucleation at
square micropillars. CO, bubbles appear blue (reflection) while the sur-
rounding agueous medium appears pink and the micropillars appear green
(see Experimental section). (a) Top view on multiple micropillars, the black
arrow indicates the flow direction. Scale bar corresponds to 200 pm.
Images are taken at the base of the micropillars focal plane. (b) Higher
magnification of the area marked in dashed black line in (a). Scale bar
corresponds to 50 um. (c) 3D reconstruction from confocal z-stacks,
depicting bubble nucleation and growth directly at the micropillar intersec-
tion with the planar surface. Pillars height is 10 um and edge length 50 pm.

Results and discussion
Square micropillars

Bubbles nucleate preferentially behind the micropillars with
respect to flow direction (Fig. 2). Nucleation is highly uniform
and occurs simultaneously behind all micropillars. Bubbles
nucleate preferentially at the intersection between the micro-
pillar vertical rear wall and the bottom substrate (Fig. 2c). This
observation agrees with free energy considerations.>” Reversing
the flow direction results in reversing the nucleation site. In
rare cases, three other scenarios were observed: (a) two bubbles
nucleating at the same pillar, (b) bubbles nucleating, followed
by shrinkage until dissolution and (c) no nucleation at all
(Fig. S2 in the ESIY). In most experiments, however, uniform
nucleation was observed.
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Once bubbles nucleate, they grow uniformly. Fig. 3a shows
the contact diameter, D, of four bubbles behind four different
square micropillars, growing within the same nucleation cycle.
Minute variations in growth rate are attributed to local pinning
due to changes in surface roughness. The experiment was
repeated by reflowing saturated solution and air in cycles. In
Fig. 3b the diameter of two bubbles growing in two consecutive
cycles behind the same micropillar is compared. The second
bubble grows faster than the first one although the volumetric
flow rate, Q, was kept constant (18 pL s~ ). We have yet no good
explanation for the observed faster growth of subsequent
bubbles. Variation in growth rate may be attributed to local
pressure variations between the cycles, or pressure fluctuations
caused by the peristaltic pump. One may speculate that CO,
molecules adsorbing to the solid surface survive the flushing
and serve as a reservoir for the growth of the second bubble. It
can, however, be estimated that one needs a much larger
amount of CO, to noticeably affect a bubble than would be
stored even in a dense monolayer of CO,. To this end, let us
consider the ideal gas law PV = nRT with P - pressure (Pa),
V - volume (m?), n - number of moles (mol), R - gas constant
(m*® Pa mol™" K™') and T - temperature (K). We consider a
bubble with contact radius of R = 50 um (hence, corresponding
contact diameter of D = 100 pm). To create a monolayer we
estimate 10° CO, molecules as an upper limit. This is negligible
in comparison to the number of CO, molecules present in
the bubble. Using the Young-Laplace equation AP = 2yy,/r
(r — bubble radius) and the ideal gas law, we estimate that a
bubble with a radius of r = 50 um contains roughly 10'> CO,
molecules. Hence, surface adsorbed gas molecules do not alter
the growth rate between consecutive growth cycles.

Fitted curves correspond to D(t) = 28.5-t>*> um and D({f) =
33.8:t>%° um, for the first and second cycles, respectively.
Diffusion driven CO, bubble growth in moderately supersaturated
aqueous solutions is given by r{¢) oc >, with r - bubble radius
and t - time.”>*%'**! Pprevious studies found that advective
transport caused by growing bubbles in a non-confined environ-
ment may change the prefactor.'>*> Here, however, advection is
not only caused by the growing bubbles but is also a result of
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Fig. 3 Growth rate of bubbles nucleating behind square micropillars. (a) Four bubbles nucleating behind four pillars within one nucleation cycle. (b) Two
bubbles nucleating behind the same micropillar over two consecutive nucleation cycles. D corresponds to the bubble contact diameter with the surface.
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Fig. 4 Simulated pressure distribution within the microfluidic cell, for square micropillars under flow (average velocity u = 0.01 m s™?). Flow direction is
indicated by the black arrows. Upper figures show the color encoded pressure distribution at the bottom of the microchannel. Color legends are given in
the graphs below. The pressure profiles presented in the lower graphs correspond to the line of symmetry (white dashed line). Insets show the pressure
distribution between adjacent micropillars. The height of the micropillars is 10 um in both cases. Edge length and spacing are 25 um and 100 um in (a) and

20 um and 40 um in (b), respectively. Pillars are sketched below the graph.

the forced flow in the microchannel. In addition, in our case
the growth rates are one to two orders of magnitude larger in
comparison with the reported rates by Enriquez et al.

In order to analyze the local pressure distribution around
micropillars, fluid dynamic simulations were used (Fig. 4). The
overall flow is characterized by Reynolds numbers (Re) well
below 10. Yet, in the layer of the micro structures characteristic
velocities are well below the average velocity, and typical pillar
dimensions are about 100 pm leading to local flow conditions
with Re « 1, i.e. creeping flow. Due to the small flow rates, total
pressure drops across the microfluidic cell are about 3 Pa and
below. The simulations show a local pressure drop behind
micropillars in respect to flow direction and an increased pressure
of comparable magnitude in front of them. Local pressure
minima correlate with nucleation sites. We believe that this
pressure variation suppresses nucleation before the micropillars
and induces nucleation behind the pillars.

We examine the pressure distribution for square micropillars
of two different dimensions: (a) edge length of 25 um and spacing
of 100 pm and (b) edge length of 20 pm and spacing of 40 pm.
Black arrows indicate the flow direction. These two cases are
important as they define the border between induced nucleation
and nucleation suppression (Fig. S3 in the ESIT). The fact that
bubble nucleation is observed in the scenario simulated in
Fig. 4a and bubble nucleation is suppressed in the scenario
in Fig. 4b indicates, that local pressure minima need to be
sufficiently pronounced for nucleation to take place.

Dependence of bubble nucleation on flow direction and
micropillar shape

Behind square micropillars bubbles nucleate at the rear side,
independently of the accessible incident flow direction within
a range of o = —20...+20°. (Fig. 5). Here « is the flow angle of
incidence. Behind cylindrical micropillars (50 um diameter),
the nucleation position corresponded to the flow angle of
incidence for o = —20...+20°. Therefore, it is possible to direct
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Fig. 5 Direction of bubble growth with respect to flow angle of incidence, «,
for triangular, round and square pillars. Left: Definition of angle of incidence, .
Right: Direction of bubble growth depending on flow direction in the
range of o = —20...+20° with corresponding top view confocal micro-
graphs (focal plane z = 0 pm).

bubble nucleation by adjusting the angle between the flow and the
micropillars. For triangular micropillars, we observe a bifurcation
transition to two possible nucleation sites. For an incident flow,
shifted by « = 0...20°, nucleation and bubble growth occur at
—60° with respect to flow direction, while for incident angles
of o = —20...0° nucleation and growth occur at +60°.

To further demonstrate the impact of micropillar geometry
on nucleation we use uniformly oriented triangular micropillars
(Fig. 6). In the case where the base is oriented opposite to the
flow direction, one nucleation site is observed behind the
triangle base (Fig. 6a and b). However, when the flow direction
is reversed the triangle base breaks the nucleation symmetry

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Nucleation bifurcation depending on flow direction for triangular micropillars. (a) Triangular micropillars uniformly oriented. Black arrow indicates
the flow direction. (b) Higher magnification of the area marked in a dashed black line in (a). (c) Flow direction is reversed using the same micropillars as in
(a) and higher magnification of the area marked in a dashed black line (d). In all images the focal plane is the base of the micropillars. (e and f) Fluid
dynamic simulations depicting the pressure distribution around triangular pillars, depending on the flow direction. Pillars are sketched below the graphs.

Scale bars in (a and c) correspond to 200 pm, and in (b and d) to 50 um.

into two possible sites, left or right in downstream direction.
Thus, the triangle base breaks the nucleation symmetry into
two possible sites, left or right in downstream direction. One
possible nucleation site is depicted in Fig. 6¢ and d. Minute
deviations of the flow direction from the triangle median will
induce nucleation on one edge of the triangle. Fluid dynamic
simulations show that changing the flow direction reverses the
pressure distribution and shifts the pressure drop around the
triangle micropillar from the base to the side (Fig. 6e and f).
The pressure profile along the symmetry (centre-) line of the

This journal is © The Royal Society of Chemistry 2019

triangular pillar row shows more or less identical local variations
independent of the pillar orientation. In case of the reverse flow
direction (Fig. 6¢, d and f) bubbles do not nucleate right at the
downstream vertex but on one side of the micropillar.

Collective effects

As can be seen in Fig. 6a and c bubbles do not nucleate behind
all pillars. Already nucleated bubbles deplete CO, around them
and tend to reduce the chance for nucleation of bubbles at
neighboring micropillars. If a bubble does not nucleate initially,

Soft Matter, 2019, 15, 8175-8183 | 8179


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm01224a

Open Access Article. Published on 01 October 2019. Downloaded on 7/31/2025 7:35:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper

t=0s
139 ul/s

t=3s t=13s t=16s

Fig. 7 Activation and suppression of bubbles under flow depending on
micropillar geometry. Confocal micrographs (top view) of nucleation
behind cylindrical micropillars with alternating diameter (a) and triangular
micropillars of alternating orientation (b) under flow rate of Q = 39 uL s™%.
In (c and d) the flow rate is reduced to Q = 18 pL s~ Black arrows indicates
the flow direction. All pillars are 10 um high. Scale bar: 200 pm.

it is less probable to nucleate later. Such collective effects
emerge when bubbles grow close to each other.**** Growing
bubbles compete for CO,. An existing bubble acts as a CO, sink
and can suppress the growth of adjacent bubbles.

We examine the possibility to induce bubble suppression
and activation through arrangement of micropillars of different
size or shape, depending on flow rate. Fig. 7 shows nucleation
patterns for arrays of round micropillars with alternating
diameter (a and c¢) and triangles pointing in alternating direc-
tions (b and d). Measurements were carried out at different flow
velocities.

For volumetric flow of Q = 39 uL s~ ' (average velocity of
u = 0.02 m s~ ') bubbles nucleated behind all round pillars
(Fig. 7a). However, when the flow was reduced to Q =18 pL s "
(« = 0.01 m s~ ') bubbles nucleated only behind larger micro-
pillars (50 pm diameter). Nucleation was suppressed behind
the smaller ones (20 pm diameter) (Fig. 7c). Similarly, for the
triangular micropillars bubbles nucleated at both types of
downstream edges, vertical and slanted (Fig. 7b) at 39 puL s .
When reducing the flow to Q = 18 uL s~ ' bubbles only nucleated
at the vertical downstream edge while nucleation was suppressed
at the slanted edges. Thus, the nucleation position can be
selected by the flow rate.

Several mechanisms may be responsible for the observed
flow rate dependence of bubble formation. We first consider
cylindrical micropillars of alternating size (Fig. 7a and c). Fluid
dynamic simulations reveal that local pressure drops behind
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Fig. 8 (a) Simulated flow in the presence of bubbles for round micro-
pillars with alternating diameter of 50 um and 25 um, with interpillar
spacing of 100 um. Bubbles (blue) are attached to the larger micropillars,
red arrows indicate the flow velocity. (b) Pressure distribution at the
bottom of microchannel for two scenarios. Top: Half of a micropillar
row with bubble attached to larger pillars; bottom: half of a micropillar
row without bubbles. The color legend is provided in the graph below.
(c) Pressure profiles along the symmetry-lines (red-dashed and black-
dashed) shown in (b). The red curve denotes the pressure in the case with
bubbles. Here, the larger gaps refer to the positions of pillars and bubbles.
The black curve refers to the case without bubbles. Note: the latter is shifted
by 10 pm for easier discrimination and comparison. All simulations results
refer to an average velocity of u = 0.01 m s™* (flow direction is indicated by
the black arrow in (b)). Pillars are sketched below the graph.

50 um and 25 pm round micropillars are almost identical. For a
pillar height of 10 um and an average inlet velocity of 0.01 m s~
they are about AP = 0.15 Pa (Fig. S5, ESIt). Hence, differences in
pressure drop are most likely not the reason for selective
bubble nucleation. Fig. S3 in the ESIT shows nucleation occurs
behind small and large pillars when their size is uniform. We
therefore assume that initially bubble nucleation takes place
behind all cylindrical pillars.

In this context we consider characteristic times associated with
diffusive and advective CO, transport.*”> We, therefore, consider a
local reduction in oversaturation due to CO, depletion around
existing bubbles. The characteristic diffusion time of CO, mole-
cules is given by ¢ = x*/6Dco,, with Do, =2 x 107" m* s71.% It
takes a CO, molecule roughly 8 ms to equilibrate over a distance

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm01224a

Open Access Article. Published on 01 October 2019. Downloaded on 7/31/2025 7:35:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

x =10 pm (the height of the pillars) and 200 ms to equilibrate
over 50 um (the maximal diameter of micropillars). CO, mole-
cules transported by advection, however, require roughly 20 ms
to travel 10 pm or 100 ms to travel 50 um for an average flow
rate of 39 uL s~'. For a flow rate of 18 uL s~ ' this time becomes
longer: 40 and 200 ms, respectively. Thus, at the given geo-
metries and flow rate diffusion and advection are at a critical
balance.*” While for low flow rates (18 pL s ' and below)
diffusive supply of CO, may surpass advection, for higher flow
rates (39 pL s~ and higher) advection adds to the CO, flux
needed for bubbles to continue growing.

We also examine the hypothesis that a layer of adsorbed gas
at the rear of the pillars may vary between the small and
the large ones, leading to the observed selective nucleation.
The thickness of this adsorbed gas layer becomes thicker at the
front of the pillar (in respect to the flow direction) and thin out
at the rear. In other words, an additional pressure drop behind
the pillars, created in the wake of advected CO,, may contribute
to the selective nucleation behind pillars with specific size or
geometry. While it is impossible to rule out this contribution, we
consider our earlier estimation of the amount of gas adsorbed to
the surface in order to show this effect may be neglected. The
amount of CO, molecules needed for creating a monolayer at the
surface of a bubble with contact radius R = 50 pm is smaller by
seven orders of magnitude in comparison with the amount
of CO, molecules the bubble contains. In addition, bubbles
nucleate behind both the big and small pillars when their size
is uniform (Fig. S3 in the ESIt). We therefore carefully conclude
that this additional pressure drop cannot solely explain why
bubbles grow behind specific pillars only.

For geometric reasons, bubbles of a given volume and with a
given contact angle have a higher curvature (smaller radius of
curvature) behind small pillars than behind large pillars. Thus,
the capillary pressure in bubbles behind small pillars is higher
than behind large pillars. If gas can diffuse and equilibrate
between the two pillars, bubbles behind large pillars will grow
at the expense of bubbles with small radius. We believe that
this is the situation for low flow velocity. For high flow rates,
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diffusive transport is comparatively low and the process is
dominated by advection. Still, also for larger flow rates it is
observed that bubbles behind smaller pillars grow with a slightly
lower rate (Fig. 7a).

Next, we consider whether a fluidic crosstalk could lead to
suppression of bubble growth behind the smaller pillars. Could
already nucleated bubbles influence the flow in such a way that
nucleation behind neighboring micropillars is suppressed? To
this end we simulate the flow field in the presence of bubbles
behind the larger micropillars (Fig. 8). Within the steady state
approach we examine to what extent are flow and pressure
at the smaller pillars affected by the presence of bubbles at
the larger pillars. Bubble growth and the gas flow within the
bubbles are not taken into account in the simulations. In order
to analyze the effect of the bubbles on the liquid flow the gas/
liquid interfaces are regarded as free slip boundaries. It turns
out that pressures behind smaller pillars are hardly affected
by the presence of bubbles (Fig. 8b, ¢ and Fig. S5, ESIT).
Therefore, assuming laminar flow any fluidic crosstalk between
adjacent pillars is unlikely.

Finally, we examine the suppression of bubble nucleation
at micropillars with triangular cross-section pointing in alter-
nating directions as shown in Fig. 7d. Corresponding simula-
tion results of the pressure distribution around triangular
micropillars are shown in Fig. 9. The average flow velocity
is u = 0.01 m s, corresponding to Q = 18 uL s~ ' in the
experiment. Because of surface energy bubbles tend to nucleate
on concave nucleation sites or cavities rather than on convex
sites.***® In accordance with theory, we observe that bubble
growth does not occur right at the downstream vertex and bubbles
are shifted to either side (¢f. Fig. 7b). Therefore, the pressure
profile is shown along a line which is slightly off-centered (by
11.5 pm). The pressure shows pronounced local extrema close
to the vertical triangle edges and less pronounced local extrema
at the slanted edges. Experiments with low flow rate show
bubble nucleation right at the positions where the pronounced
local pressure minima are found (Fig. 9), i.e. backward facing
vertical micropillar walls. Also from this observation it can be
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Fig. 9 Simulated pressure for triangular micropillars (50 pm edge length) for an average velocity of u = 0.01 m s~* (flow direction is indicated by the black
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Close-up of pressure profile and color encoded pressure around triangular micropillars.
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deduced that a certain critical local pressure minimum is
needed to initiate or promote bubble nucleation.

This conjecture is in accordance with experiments at higher
flow rates, where bubble nucleation was observed at all backward
facing micropillar walls, i.e. vertical and slanted walls (Fig. 7b).
Generally, the flow within the layer of micropillars is characterized
by Re « 1 and the pressure is directly proportional to the flow
rate, due to the linearity of the governing Stokes equation. Thus,
also the local pressure variations and local minima are directly
related to the flow rates. For a higher flow rate of Q = 39 pL s™*
(Fig. 7b) the pressure profile shown in Fig. 9 has to be scaled by
a factor of about two, which seemingly leads to all local
pressure minima to be sufficiently pronounced.

Conclusions

Nucleation and growth of bubbles from oversaturated water
solutions on hydrophobic micropillar arrays depend on the
shape of surface features, the flow rate and direction. The
pressure drop induced by the flow around the micropillars
promotes nucleation behind the micropillars with respect to flow
direction. Directly at the micropillar-substrate intersection the
nucleation energy is the lowest and therefore takes place at
this site, consistently. Nucleation behind square micropillars is
independent of the flow direction. In contrast, nucleation behind
cylindrical and triangular micropillars is flow direction sensitive.
For cylindrical micropillars bubbles always nucleate behind
micropillars. For triangular micropillars a bifurcation transition
occurs: bubbles nucleate either to the left or right of the triangle
apex. Breaking the symmetry of surface features allows inducing
flow mediated activation and suppression of bubble nucleation.
By adjusting the flow rate, one can suppress nucleation in specific
sites, depending on the micropillar shape.
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