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We present here the effect of mechanical vibrations on a breath figure. By impacting a
falling steel ball on a plastic plate covered on its bottom side by a breath figure, we show
that in a few milliseconds, the figure can evolve even more dramatically than it would in
minutes in the natural aging process. We quantify the variations of droplet number and sizes
with time for various substrate accelerations and mean initial droplets radii. We show that,
above an acceleration threshold, the final number of droplets decreases more and more with
acceleration. We interpret this result by the contact line unpinning provoking oscillations of
the droplets radii, which makes the drops contact and coalesce with neighbors. Finally, we
introduce a new parameter to characterize the droplet number decrease. We have plotted it
as a function of an effective Bond number built with the substrate acceleration and mean
droplet radius. Interestingly, all the data fall on a single master curve.
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I. INTRODUCTION

A breath figure describes the droplet pattern formed when water vapor condenses onto a cold
surface in a humid environment. The evolution of breath figure in time has been actively studied
experimentally and numerically during the last decades [1,2], motivated by understanding droplet
growth [3,4], thin film vapor deposition [5], or improving other applied systems [6,7] such as dew
recovery systems [8]. The recovery of dew water is indeed nowadays of a crucial environmental
interest for water delivery in arid regions [9,10].

Dew formation can be also problematic for industrial application. It can affect visibility through a
transparent surface and produce security or aesthetic issues: cars’ windshields, supermarket freezer’s
doors, or eyeglasses. To minimize these problems several directions can be followed. One can dry
the air [11], make a treatment that limits the nucleation of droplets, or collect the droplets by moving
them away from the surface using gravity, helped eventually by an adapted surface treatment to make
their motion easier [12-16].

The breath figure’s growth kinetics can be followed by measuring the droplets radii over time [2].
First, nanometric droplets of spherical cap shape are formed by heterogeneous nucleation. During
the moment just after droplets nucleation, drops grow individually without coalescence and their
mean radii increase initially with time following a power law: (R) 1 as they are independent,
then (R) t5 when the vapor concentration profile around them overlap. After a certain time,
when drops are larger and close enough, they start to coalesce with each other and the mean radius
evolution with time becomes linear: (R) o ¢ [1,2,10].
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FIG. 1. (a) left: side and top view before impact; center: Experimental setup to impact a solid projectile
on the back of a solid substrate that is covered with a breath figure and side view at the moment of impact;
right: side and top view after impact. (b) Measured motion of the substrate’s center induced by the impact of
the projectile.

The influence of the substrate’s wettability, roughness, and geometry on breath figure evolution
have been explored in different studies [17—19]. They show that the droplet growth can be enhanced
or reduced, by geometric or thermal discontinuities [20]. In addition, when drops are large enough,
they will slide on a vertical or inclined surface due to gravity [21,22] which is particularly useful
for collecting water [8].

In order to rapidly increase drop size without waiting for the natural growth, it can be interesting
to solicit directly the droplets to trigger the coalescence. Inducing the coalescence of two droplets
has already been studied in literature from the fundamental point of view [23,24] and used to trigger
the mixing of two liquids to study a chemical reaction [25], for example. Furthermore, it has been
also demonstrated that vibrations or electrowetting allow moving the contact line of a sessile droplet
[26,27] on a substrate in a controlled way, but also the whole droplet [28-30].

The aim of the present study is to explore how mechanical vibrations of a solid substrate impacts
the coalescence of droplets and modify the breath figure evolution. The aim is to accelerate the
natural evolution of the breath figure towards larger drops which will more easily slide away from
the surface.

Here, we developed a simple way to induce vibration of a solid surface with high acceleration by
impacting a solid projectile on a substrate that is covered on the back by a breath figure. We have
studied in detail the evolution of the drop mean radius and the drop number over time during an
impact for different heights of a falling projectile and a different location on the surface from the
impacting point.

We present first in this manuscript the experimental setup, its characterization, and the image
analysis method. The vibration of the plate was determined as the function of the impact height and
the observed zone on the plate. This gives us a tool to vary the acceleration felt by the droplets.
Then, we present the influence of the acceleration on the size distribution and the droplet number of
a breath figure after an impact.

II. MATERIALS AND METHODS

The experimental setup is schematized in Fig. 1(a). A breath figure is obtained by exposing a
substrate facing down toward the vapor of a hot deionized water reservoir during a given time.
Then the reservoir is removed just before the onset of impact. A solid magnetic ball (m = 60 g,
¢} = 2.5cm), named projectile, is dropped above the center of the substrate, by turning off an
electromagnet disposed just above it at a chosen height H. The substrate is clamped by two metallic
pieces screwed regularly, all along its edges, to ensure axisymmetrical deformations. A fast camera
aligned with a beamsplitter under the substrate, allows the capture of images of the condensed
drops during the experiment from below. The substrate is illuminated with a fiber optics illuminator
(Edmundoptics) through the beamsplitter.
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The substrate is an industrial polycarbonate (PC) circular plate of diameter d = 14 cm and
thickness 4 = 3 mm. Its wetting properties are characterized by measuring the advancing 6, and
receding 6, contact angles using a classical sessile drop technique using a homemade apparatus
with a vertical syringe tip connected to a precise syringe pump to increase and decrease the volume
of the droplet. The side view and image analysis of the droplets lead to the measurement of the
wetting angles (advancing, receding) at very low speed (of order 1 um/s). The difference between
these two angles is defined as the contact angle hysteresis of the surface (A6 =6, —6,) and it
informs of the ability of the drop to move on the surface. Indeed, drops can be easily displaced
on surfaces presenting low contact angle hysteresis. In our case, the results are 6, = 85.3 +0.5°,
0, =61.9+1.6% and A6 =23.4+2°.

Motions of the substrate induced by the impact of the projectile have been characterized as a
function of the position on the substrate from the impacting point by observing the motion of
millimetric pillars stuck at different positions on the surface. For each position, we have plotted
the vertical displacement of the pillar bottom x; as the function of time. In addition, for each
position on the surface, for a given dropping height, we observe a uniform vibration of the pillars
at the same frequency; only the amplitude varies, hence the plate oscillates at its first mode. A
typical result is presented in Fig. 1(b). The signal is composed of two parts. The first part is an
arched curve larger and higher than the next ones, representing the impact, when the metallic ball
is in contact with the substrate. The second part of the signal corresponds to the free vibration
of the substrate, when the projectile has left the substrate. This part can be fitted respectively by
x; =Aj * cos(wit + ®;) (green) and by x, = Aj * cos(wyt + P;) * exp(—kt) (red) with A; and A,
the respective amplitudes, w; and w, the respective pulsations, ®; and &, the phases, and k. We
determine the two pulsations w; < w; (corresponding frequencies of 125 Hz for the green part and
315 Hz for the red part). The difference between the two pulsations comes from the presence of
an additional mass during impact (the metallic ball), corresponding to a higher effective mass of
the plate. The eigenfrequencies of a clamped circular plate can be calculated for the first mode as

[31] wp = 40.858, / pd“lEThlz—vz)’ where E is the Young’s modulus, p the density, / the thickness,
d the diameter, and v the Poisson ratio. When the ball is in contact with the plate, the frequency

can be rewritten as wp = 40.858 /WM. Mp is the mass of the plate and Mp is the
mass of the ball. Then indeed, increasing the mass implies a decrease of w; it explains the two

frequencies measured w; and w,. Since the main part of the vibration coalescence phenomenon
occurs at impact, we have chosen to use only A;, w; to characterize the impact. Derivating two
times this signal allowed deduction of the acceleration of the substrate at the moment of impact
fimpact by xi (timpact) = A w% = dai.

The film from the high-speed camera was obtained at 4000 fps. The image analysis was carried
out on the software ImageJ using a threshold method to distinguish droplets. Figure 1(a) presents
two treated images of a breath figure (before and after impact). We measure on those images the
number of droplets, the wetted area, and the droplet size distribution. As it is classically observed
for breath figure, the initial droplet size distribution is bimodal, with a distribution of small and
large droplets [2]. The small droplets are linked to new nucleation events between larger drops
that are sufficiently far apart to prevent the overlap of their water vapor concentration profiles. The
large droplets are linked to the initial nucleation events and have grown more, eventually also by
coalescence. We have chosen to identify the breath figures by the mean contact radius of this later
category, the larger droplets R,,. We set a minimum droplet area for the detection by the software
around 0.03 mm?. The mean covered area is obtained by the following formula: (S) = %, where
s; is the contact area of the droplet i and N is the total number of droplets. The mean contact

radius is converted from (S) by R,, = ,/ g—) This measurement R,, is used as a criteria for the breath

figure aging. In the case discussed later where the droplets are not exactly circular after the impact
effects, but elliptical, the mean radius R, calculated is still a very good parameter of the new drop
sizes, simply being the geometrical average of small and large axes of such elliptical droplets.
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FIG. 2. (a) Breath figure key moments images during a typical experiment. The time corresponds to delay
after impact. (b) Evolution of the total wetted area S normalized by the initial wetted area Sy as a function of
time corresponding to the images above. (c) Relative number of droplets in percent of the initial value (red)
and average droplet contact radius as a function of time (blue).
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III. RESULTS AND DISCUSSION
A. Typical experiment

Figure 2 illustrates the results obtained for a typical impact experiment: a) an image sequence;
b) the ratio between the total area covered with water drop S and the initial wetted area S, as the
function of time with references to the images of the key moments (images A to E); and c¢) a graph
of the ratio of the number of droplets over the initial one (red) and the mean droplet radius (blue) as
a function of time.

Figure 2(a) image A corresponds to the initial breath figure formed after a certain condensation
time, which is characterized by R,,.

Figure 2(a) images B-C have been obtained at the impact moment, when the magnetic ball is still
in contact with the solid surface. If the acceleration of the substrate is large enough, contact lines
of most of the droplets are unpinned and droplets start to vibrate. Their radius expand and retract
as it has been described by Noblin et al. [27]. If droplets are close to each other, they can touch
and coalesce into finally giving birth to larger droplets. Multiple droplet coalescence can occur at
the same time. This process can be observed on the zoomed part between images A and B (Fig. 2).
Therefore, during this first oscillation of the drops, a few coalescence events occur which correspond
to the first variation of the wetted area (from images A to B until C) and the decrease in the droplet
number on graph in Fig. 2(b).

Figure 2(a) images D-E: The new droplets continue to oscillate forced by the substrate free
oscillations (when ball has left the surface), involving new coalescence events. It occurs when two
droplets coalesce while oscillating. They will be able to touch, on a second time, other drops. If the
drop is far from the others, its radius oscillates between a maximum value to a minimum one until
the substrate stop to move.

In the end, there are less droplets but those are bigger than the initial ones, and so the final total
wetted area is also smaller [Fig. 2(a) image E]. Finally, in a very short characteristic time (around
20 ms), the number of droplets and the wetted area have been drastically reduced and the droplets
size increased.

In the most extreme cases when the initial droplets are large or the acceleration is high enough,
we can achieve a state where all the droplets are connected, forming a continuous liquid network, as
illustrated in Figs. 3(a) or 3(b), t=2.5 ms. This is similar to spinodal dewetting [32—-34], demixing,
or coarsening patterns [35,36].

We can hence observe three different coalescence patterns for the three accelerations presented:
Figure 3(a) liquid film with small dry holes as for t=1.25 ms where water cover most of the surface.
Figure 3(b) liquid network of long filaments as for t=2.5 ms. Figure 3(c) localized coalescence event
of few droplets as for t=1.25, 2.5, and 4.75 ms. The full high-speed movies (4000 fps) showing these
three experiments are available in Supplemental Material [37].

Due to contact angle hysteresis, when the vibrations are stopped soon after a coalescence event,
the final shape of droplets is not always circular. This has been shown in particular in Ref. [5]; we
observe the same feature here. In our case, the moderate hysteresis leads, even in case of really
strong deformation as in Fig. 3, time t=4,75 ms, to a state where most droplets are finally (t=40
ms) close to being circular, a few being clearly elliptical.

B. Droplet Number Reduction

We have studied the influence of an impact on a breath figure by comparing the droplet number
and the initial mean contact radius before and after the impact. We define the droplet number
reduction as %@DNR = 100 * (1 — N¢/N;), where N; and Ny are respectively the initial and final
number of droplets in the field of view. This number gives information on the number of coalescence
and represents in a certain way the efficiency of an impact. A high %DNR value implies that most
droplets have been set in motion and many coalescence events happened, making the impact very
efficient.
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FIG. 3. Breath figure coalescence pattern at various times after impact for three accelerations (varied using

height H).

the droplet number reduction as a function of their initial mean contact radius

R,,, for five different values of substrate acceleration. The acceleration has been varied by two

Figure 4 presents

or by

fixing the observation area and varying the dropping height (empty symbols). Each position on the
substrate, as explained in the previous section, is characterized by a different acceleration value.

The mean contact radius has been varied by changing the condensing time. We can see that for

>

different ways: fixing the dropping height and varying the observation area (full symbols)
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FIG. 4. Droplet number reduction as a function of the initial mean contact radius, under different acceler-
ation. The different curves are tendencies showing the typical variations with threshold and saturation and are
only guides for the eye.

each case, the curve follows the same tendency. First, %DNR is close to zero until the mean contact
radius reaches a certain threshold value R;. Then %DNR starts to increase linearly until R,, reaches
another limit value, when %DNR is maximal. Furthermore, we can notice that the value of the
threshold radius depends on the acceleration. More precisely, the smaller the acceleration is, the
larger the drops need to be in order to be able to coalesce with their neighbors. The threshold radius
can be explained by the fact that a minimum acceleration is needed in order to unpin contact lines
and to involve a sufficient expansion of drop radius to allow coalescence event to occur.

Indeed, Noblin et al. [26,27] showed that for a specific frequency there is a threshold acceleration
needed to set the contact line into motion. In addition, they show that maximum vibrations of drops
are obtained when the excitation frequency is close to the natural frequency of the drop which
depends on its size. In our case, there is a wide range of frequencies which allows induction of
sufficient movement of drops of different sizes. There are also a few specific frequencies as shown
in Fig. 1 which can excite droplets, as long as it is not larger than their natural frequencies. This
shows also that we have measured R, as function of the acceleration by taking the value of R,, from
which %DNR is higher or equal to 10%. This difference in terms of thresholds (that are different and
decreasing in terms of R, for increasing acceleration) could be explained by the acceleration needed
to counteract the high surface tension effect acting for these smaller droplet sizes. We propose then
to analyze our results in term of an effective Bond number 8.

C. Effective Bond number approach

Indeed, B is a dimensionless number measuring the importance of gravity or another external
acceleration compared to surface tension force. Hence, one defines an effective Bond number g*
which take the substrate acceleration into account instead of g as :

_ A,oalRm2
> .

B (D
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FIG. 5. Symbols: experiments, from the same data set as in Fig. 4, with the same symbol characteristic of
the acceleration. The %DNR is plotted as function of the rescaled specific bond number. Dashed line: numerical
simulation, the %DNR is plotted as function of the droplet spreading factor § rescaled with its maximal value
(upper horizontal axis showing the same numerical values as for the rescaled Bond Number).

Here Ap is the difference in density of the two phases (liquid and gas), a; is the acceleration of
the substrate around the studied area, and R,, is the initial mean contact radius.
Figure 5 presents the %DNR as a function of 8* rescaled by B .. It shows that all the curves fall

on a single master curve. Interestingly, this representation highlights in a quantitative way the role
of droplets radii and substrate acceleration in a simple way through the specific Bond number.

D. Simple Numerical approach

In order to reproduce the experiments presented and especially the curve obtained in Fig. 5,
we have performed numerical simulations. The approach is simple and consists of having a
finite system made of a few hundreds of droplets, the same as in the experimental window, and
describing each droplet i by a circular object [placed at given center of mass (X;, ¥;), with radius
ro(i)]. These objects correspond at rest to hemispherical droplet of volume V; = %nrg’ ;- The initial
state at # = 0 is set from an image of a real breath figure from an experiment. Upon impact at
timpact» W€ assume that the radius r of each droplets is increased by a factor § varying from 0.1%
to 35% of the initial radius 7;(fimpact) = 70,;(1 + ). This range has been estimated from impact
experiments. The coalescence occurs between two drops (i, j) when the condition (of overlapping)
d < ri+r; is verified with d;; the distance between the two droplets, giving birth to a unique

droplet : Vy =V, +V; = %nrg’k, X = )%W, and Y = %1‘//,/;)\/,
each corresponding droplet / remains with the radius at ¢ = #impaee €qual to r = rg + 8. After this
first iteration, the system keeps on evolving since for ¢ > fimpaet the new droplets oscillate as
1i(t) = 1ok + 8ro kcos(w(t — timpact)) €XP —(f — timpact/T). At each following iteration of the sim-
ulation, for each droplet, the condition is checked if it were overlapping with another neighboring
droplet during the damped oscillations process that last a few periods. These simulations have been
realized several times for each value of the radius expansion factor at impact §. It allows us to
explore and multiply the amount of data. We have calculated at the last steps of the simulation
(when no more droplets oscillate and eventually coalesce) the number of droplets and measure for

. If the condition is not met,
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each simulation the %DNR. If we assume that the droplets oscillation amplitude were proportional
to the acceleration, then a direct link should exist between § and B*. To compare the %DNR in
the experiments and in the simulation, we have plotted in Fig. 5 the curves as a function of the
normalized values (8*/B ., and §/6max ). This upper and lower axis vary both from O to 1. We find
again a good agreement between simulation and experiments, obtaining a simulated master curve
(dash line) as shown in Fig. 5. We note that there is a deviation at low values, close to the threshold.
In the simulation, the approach does not consider contact angle hysteresis effects: i) As soon as
two droplets coalesce, they form a new, perfectly circular droplet which would not be the case with
hysteresis. ii) The direct correspondence between 6/8max and 8*/B,, means that even with a tiny
value of §, there will be in the simulation a reduction of the droplet number, but in the experiments
with hysteresis, for low value of 8, due to the threshold linked to contact angle hysteresis, there is
no radius oscillations so strictly no reduction in the droplet number. This explains why for 8%/ .
below 0.15 there is a discrepancy with the simulated curve that does not present any threshold and
goes to 0 for a null value of §/6max.

IV. CONCLUSION

In conclusion, we have shown that when a plate supporting a breath figure is vibrated through
an impact, it may lead to a fast evolution of the droplets pattern. The main parameters explored
are the initial mean radius R,, of the large droplets and the substrate’s acceleration (a; ). The larger
both parameters are, the higher the reduction in droplet number is (and consequently the higher
their mean final radius is). The physical explanation for this phenomenon is the radius oscillation
of the droplets that can touch their neighbors and coalesce. Each time such an event happens, the
number of droplets decreases and the mean radius increases. For sufficiently high accelerations or
mean radius, the droplet number can be reduced up to 95%. This is coherent with the fact that there
is a threshold acceleration needed to unpin the contact line.

We introduced a specific Bond number 8* built with R, and a;. This allows us to obtain a master
curve for the %DNR that quantitatively gathers all the data and enables predictions.

We compared our experimental results with a numerical approach showing a very good agree-
ment, except at values close to the threshold acceleration since the numerical method does not
consider hysteresis effects, consequently not showing thresholds effects, but having the exact same
behavior for large amplitude of vibrations.

This method can be very useful for dew recovery systems, improving the efficiency by acceler-
ating the droplets growth from the coalescence of many droplets, in a very short time compared to
the natural growth.

This can be interesting to help removing droplets from a substrate, but also as a new fundamental
system of interest since it gives another way to induce the droplet growth and to understand the
link between hysteresis, droplets coalescence on a multi droplets systems. In such systems, new
behaviors can emerge and should be new topics to explore. In particular, to make links with
spinodal decomposition and also for more many-droplets interactions (not only 2-body system).
The dynamics of large filaments of liquids as a function of wetting characteristics of the surface is
also an interesting perspective.
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