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Abstract— A droplet which is placed on a surface and is
exposed to an airflow, can be shed, if the drag force
overcomes the droplet’s adhesion force. Presence of other
sessile droplets, in proximity, changes the drag force, so the
minimum airflow velocity required to shed the droplets
(UCR) can vary. In this thesis, an experimental study on
shedding of the multiple sessile droplets was performed on
both hydrophilic and hydrophobic surfaces. The effects of the
droplets’ arrangement type, and the spacing on UCR were
elucidate. For a pair of sessile droplets, a model was proposed
to predict the UCR based on droplets’ size, spacing,
arrangement, and surface wettability. For three, or four sessile
droplets arranged in triangle, square, reversed triangle, and
diamond configurations, the effects of the droplets’
interaction on variation of the UCR, was clarified. A critical
value for spacing was determined beyond which multiple
sessile droplets shed independently.
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I. INTRODUCTION

The sessile droptechnique is-a method used for the
characterization of solid surface energies, and in some cases,
aspects of liquid surface energies. The main premise of the
method is that by placing a droplet of liquid with a known
surface energy, the shape of the drop, specifically the contact
angle, and the known surface energy of the liquid are the
parameters which can be used to calculate the surface energy
of the solid sample. The liquid used for such experiments is
referred to as the probe liquid, and the use of several different
probe liquids is required.
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Fig. 1: Schematic of a Sessile Droplet

The drag force has a pressure drag component which
is the integration of the pressure over the surface of the sessile
droplet, and a shear stress components which depends on the
airflow velocity magnitude [5]. Adhesion force is the
summation of the surface tension force, distributed all around
the contact line of the droplet [6]. As an airflow with
increasing speed is introduced to a sessile droplet, the lateral
adhesion force increases to resists the motion of the droplet
baseline.

There are many experimental and numerical studies
on shedding of a single sessile droplet. Dussan [7] conducted
an experimental study on a sessile droplet which is exposed
to shearing airflow; they provided an expression for the
critical airflow gradient based on the contact angle hysteresis
(the difference between advancing and receding contact
angles), and droplet volume (V). They pointed that the
viscosity of the droplet has no significant effect on the critical
air flow, and the critical airflow gradient is proportional to the
V —1 3 /. However, the model is valid only for the small

contact angle hysteresis values. Fan et al. [8], experimentally
studied the shedding of a sessile droplet for various droplet-
surface systems (the static contact angles ranged from 50° to
90°).

Many studies can be found examining the sessile
droplet shedding emerging into the gas diffusion membrane
in fuel cells. Wu and Dijilali [12] observed three different
regimes in detachment of water droplet emerging through a
pore inside a microchannel. The variable parameters in [12]
are the airflow velocity and the rate of water injection into the
pore. However, the pore size, and the pinning effects that it
may have on the droplet’s detachment, has not been clarified.
Also, the observed regimes are limited to the hydrophobic
substrate which were used in [12]; how the wettability of the
substrate affects these regimes needs to be studied

Studies above indicate that the wettability of the
substrate, size of the droplet, and properties of the liquid and
flow are the main parameters in determining the minimum
flow velocity for shedding. Most of the above mentioned
studies, give a little attention to the adhesion force, or
consider a single surface’s wettability. Among all, [10]
conducted a more systematic study in terms of defining a
criteria for shedding, and considering the wide range of
droplet’s volume and surface wettabilities. In general,
decreasing the wettability of the solid substrate results in
reduction of the critical flow velocity. Also, critical flow
velocity is a function of the inverse of the droplet’s size. Still,
all of the above studies consider shedding of a single droplet,
which is not exactly the case of industrial, and biological
applications where more than one droplet appear on the
surface. As a conceptual example, consider the multiple
droplets which condensate on the fin of a heat exchanger.
Droplets which occupy the surface of the fin, result in
reduction of the heat transfer rate, and reduce the efficiency
of the heat exchanger. One possible way to remove these
droplets is by airflow forces
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Fig. 2: Schematic View of the Shedding of a Single Sessile
Droplet

Il. EXPERIMENTAL METHODS

The experiments were performed inside a closed-loop wind
tunnel; the height, width, and the length of the test section are
6.4, 10.2, and 30.5 cm, respectively. Maximum airflow of 12
m/s is generated by a fan (EBM-Papst 4000 series fan), and
to control the speed of the airflow, a voltage regulator was
used to increase the speed of the fan. The level of turbulence
in the tunnel is 0.2% (at 8.65 m/s), and at the maximum
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airflow velocity, the flow inside the test section is laminar.
The speed of the airflow was measured using an EE75 hot
film anemometer. The experiments were conducted for
droplets’ Re number ranging from 547 to 812
(Re=pUcrH /pRe=pUcrH p, where U is the air velocity at
the incipient motion of upstream droplets and H is the height
of the sessile droplet).
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Fig. 3: Schematic View of the Experimental Setup

These arrangements can be considered as a repeating
unit cell in a population of droplets (e.g., seen in dropwise
condensation). All the sessile droplets within an arrangement
had the same size, and experiments were conducted with 5
and 10 pl deionized (DI) water droplets. The droplets were
placed on hydrophilic and hydrophobic surfaces by a syringe;
immediately after the droplets were placed, air speed was
increased at the rate of ~1 m/s?until the shedding was
achieved. Image J software was used to measure that the
desired spacing between the droplets was achieved (error for
the spacing was ~4%). No significant evaporation was
observed during the shedding process as the experiments
typically took 10 s to complete after the start of the airflow.
The hydrophilic surface was an aluminum substrate that was
spin-coated using a PMMA solution [2% (w/w) PMMA in
toluene]; advancing and receding contact angles were 74° and
58°, respectively. The hydrophobic surface was an aluminum
substrate that was spin-coated using a Teflon solution [5:1
(v/iv) FC-75, 3-M/Teflon AF]; advancing and receding
contact angles were 122° and 107°, respectively.

Dimensionless spacing (S) is defined as the droplets’
center-to-center length divided by a droplet’s baseline length
(as measured on the plane of the substrate). The baseline
length of a 10 pl droplet on the hydrophilic and hydrophobic
surfaces is 4.32 and 2.63 mm, respectively. For the other
droplet volume, this information is provided in
the supplementary material. For a constant droplet volume,
given that S depends on droplet geometry and droplet
geometry is affected by the surface wettability, the droplets’
separation and wettability cannot be independent of one
another. As will be shown later, taking S as a dimensionless
parameter for different surface wettabilities will not affect the
conclusion, but it will provide a more compact form of
analyzing the problem.
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Two Phantom high-speed cameras (one for side
view and one for overhead view) were operating
synchronously, capturing images at 450 frames per second.
The incipient motion is defined as the moment when the
contact line of the upstream droplet(s) moved 5 pixels
(220 um) on the surface in accordance to our past
practice. The air velocity at the incipient motion is the so-
called critical air velocity (Uc). Experiments were repeated
three times and the standard deviation of the dataset is
reported as the error.

I1l. RESULTS & DISCUSSIONS

In all the arrangements and any spacing, the upstream
droplet(s) sheds first. At a spacing of S = 1.5, the common
behavior seen was that the upstream droplet(s) hits the
downstream droplet(s) and sheds as a larger unit. So, our
focus in this study is on the comparison of shedding, and more
specifically, the U for the upstream droplets, in various
arrangements. To provide an overall view of the findings,
first, the Uc/(Ucr)single for the upstream droplet(s) in various
arrangements on a hydrophilic (PMMA) surface. A figure
similar to but for 5pul droplets is provided in
the supplementary material. The amount of change in
Uer/(Uer)single With respect to the type of arrangement and
spacing is very similar for both the droplet sizes.
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Fig. 5: Critical Air Velocity Ratio for the Upstream
Droplet(s) in Different Arrangements at Two Spacing (S)
Values
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IV. COMPARISON OF THE ARRANGEMENTS

For a fixed number of sessile droplets, the type of the
droplets’ arrangement affects the Ug. For three sessile
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droplets, within a small spacing, the upstream droplet in a
triangle arrangement shows a higher U compared with the
upstream side-by-side droplets in a reversed triangle
arrangement. Similarly, for four droplets, the upstream
droplet in a diamond arrangement presents a higher
Uc compared with the upstream droplets in a square
arrangement.

As it was discussed before, two side-by-side sessile
droplets, at an intermediate spacing, have the maximum Ug,
probably due to the aforementioned oscillations of sessile
droplets, which increase the interaction between them.
However, by presence of one droplet (like reversed triangle
arrangement) or two droplets (like square arrangement), at the
downstream of the side-by-side droplets, U decreases. As
such, at S = 3.5, the upstream droplets in the reversed triangle
and square arrangements have 22% and 5% lower
U compared with that of a pair of side-by-side droplets,
respectively.

In general, there is a maximum ~40% increase in
Ue for the upstream droplet in tandem and triangle
arrangements at S = 1.5 on both hydrophilic and hydrophobic
surfaces. As the spacing increases to 3.5, U decreases for the
upstream droplets in triangle, reversed triangle, and diamond
arrangements; whereas in square arrangement, the spacing
does not affect the Uc.

As the effects of the droplets® arrangement and the
spacing on U are identified, the next question to ask is when
the droplets will shed independently from each other at the
U of a single droplet, regardless of the type of arrangement.

To answer this question, we start from our findings
in shedding of a pair of sessile droplets; it was observed that
when two droplets are at S > 5.5 on a hydrophilic surface and
at S > 3.5 on a hydrophobic surface, they shed independently
at the U, of a single droplet. This was true for both tandem
and  side-by-side  arrangements.  For  side-by-side
arrangement, both droplets also shed at the U of a single
droplet for S < 1.5 on both the surface wettabilities. To see if
the “no interaction” spacings hold for shedding of three or
four sessile droplets, the following arrangements were
considered: triangle at S = 5.5 and rectangle at Ssige-by-side X
Standem = 1.5 x 5.5. One may hypothesis that the “no
interaction” spacing can be the same for both triangle and
tandem arrangements. Also, rectangle arrangement of four
droplets consists of two pairs of side-by-side and tandem
droplets, both within “no interaction” spacings, the droplets
shed independently and at the U of a single droplet. This
means that as long as the droplets are placed at the “no
interaction” spacing (found from experiments with a pair of
droplets), they will shed independently, regardless of the type
of the arrangement. The argument above is also true for 5 ul
droplets;

It can be understood from the above discussions that
depending on the surface wettability, there is a certain
window of spacing where droplets are aerodynamically
coupled. When the spacing between droplets falls within this
window, both the arrangement type, and value of spacing
affect the U of the upstream droplets. Outside of the spacing
window, regardless of the type of arrangement, all droplets
shed independently with the U of a single sessile droplet.

V. CONCLUSIONS

Shedding of three and four sessile droplets in proximity of
each other and with different arrangements was investigated.
At a specific airflow velocity (i.e., U for each case), the flow
structure over the droplets changes with the arrangement type
of the droplets and the spacing between them. As such, for
each case, the air velocity to overcome the adhesion force is
changed. Upstream droplets in all the arrangements show a
higher U, compared with a single droplet, with the highest
value observed for triangle arrangement at S = 1.5 (~40%
higher) and the lowest value for reversed triangle
arrangement at S = 3.5 (same as the single droplet). Similar
results were found for both surface wettabilities. Increasing
the spacing for triangle, reversed triangle, and diamond
arrangement leads to a decrease in U¢; however, U of the
upstream droplets in square arrangement does not show
sensitivity to spacing. When there are three droplets on a
surface, the upstream droplet in triangle arrangement sheds at
a relatively higher U than the side-by-side droplets of
reversed triangle arrangement. The same is true for
comparison of the upstream droplet(s) in diamond and square
arrangements for four droplets. The above change in U¢r was
explained using simulations to understand the flow around
the droplets. The change in U, is due to the change in the drag
on the droplets as a result of changes in the vortex interaction
at a given airflow speed. Finally, it was shown that when the
droplets are placed far enough from each other (S = 5.5 for
hydrophilic surface and S = 3.5 for hydrophobic surface), the
configuration of the arrangement has no effect on the U¢,
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