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ABSTRACT

We report experiments of centimeter-sized sessile drop coalescence aboard the International Space Station, where microgravity conditions
enable inertial-capillary spreading motions to be explored for a range of hydrophobic wetting conditions. Observations of the time traces of
the coalescence event and projected areas compare favorably to numerical simulations, which employ the Davis-Hocking contact line (CL)
condition with contact line mobility M parameter independently measured using the resonant-frequency scan technique of Xia and Steen
[“Moving contact-line mobility measured,” J. Fluid Mech. 841, 767-783 (2018)]. This observation suggests that M is a material parameter,
and that the Davis—Hocking model is an appropriate CL model for inertial-capillary spreading.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125279

I. INTRODUCTION

Coalescing drops are prominent in rainwater runoff from build-
ing facades, cell-cell interaction and cell adhes1on to biological tis-
sues,” condensing steam for energy generation,” thermal management
of electronic components, self-cleansing surfaces,’ electrowettmg,
among others. While knowledge of the liquid viscosity and surface ten-
sion is sufficient to describe the dynamics of freely suspended coalesc-
ing drops, the solid-liquid-gas line of contact [contact line (CL),
dashed line in Fig. 1(a)] modulates the dynamics of sessile drops.”
Here, inertial-capillary spreading can occur over short time scales, as
defined by the competition between inertia and surface tension forces,
making sessile drop coalescence an excellent system to study such
motions. To improve modeling and predictive capabilities for coalesc-
ing sessile drops, high spatial and temporal resolution experiments are
paramount, yet lacking,'’ because on Earth spreading occurs over
small length scales and fast time scales (drops coalesce within a milli-
second''). Here, we exploit the large drop sizes possible on the
International Space Station (ISS) to study inertial-capillary spreading.
For water in air, the terrestrial capillary length ¢, = \/0/pg ~ 3 mm,
with ¢ the surface tension, p the density, and g the gravitational accel-
eration. In contrast, on the ISS, /. = 3 m or roughly up to three orders
of magnitude larger than on Earth. This allows for experimentation of
much larger drops with correspondingly slower time scales, thereby

extending the experimental parameter space for sessile drop coales-
cence. Previous terrestrial studies examine droplet coalescence at
Reynolds numbers Re ~ €(10°) and Ohnesorge numbers
Oh ~ €(1073)."*"* With the ISS advantage, we report experiments in
a regime where Reynolds numbers are an order of magnitude larger,
and Ohnesorge numbers are an order of magnitude smaller than prior
work, thereby extending the overall parameter range with which
hydrophobic water droplet coalescence is studied.

Our interest is in water under hydrophobic wetting conditions,
Fig. 1(a), where wall dissipation is limited and two demarcated flow
regimes are observed:''” capillary-inertial and capillary-viscous. Due
to the prevalence of inertial-capillary coalescence in real-world appli-
cations on hydrophobic surfaces (ie., optimizing the heat transfer
coefficient via dropwise condensation,'® spray cooling,'”'® and ink-jet
printing'”*"), the focus of our study is on the inertial-capillary regime,
which we briefly describe referring to the experiment shown in Fig. 2,
where after coalescence, the droplet spreads toward equilibrium.
Initially, two drops rest in equilibrium, evidenced by the constant
interface curvatures. Upon coalescence (t = 0.03 s), an immediate cur-
vature gradient is observed at the liquid bridge, which induces a pres-
sure gradient according to the Young-Laplace equation that gives rise
to a capillary wave propagating laterally across the bridge.”" This pro-
cess continues until t=0.24 s, at which point surface tension
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FIG. 1. (a) Schematic of sessile drop with initial contact angle 0y > 90°, showing projected P and wetted W contact areas. (b) Projected (top) view of coalescing sessile drops
with coordinate system overlaid and maximal projected x- and y-distances denoted x, and y,. (c) Davis-Hocking relating the contact angle 6 to the CL velocity U, with 0, and

0, the static advancing and receding contact angles, respectively.

overwhelms inertia and the drop CL begins to recede. This competi-
tion between inertia and capillarity continues until a sufficient amount
of energy is dissipated via CL motions, at which point the CL is pinned
(t=0.63 s). The inertial-capillary flow that occurs as the droplet
spreads toward equilibrium is described by a large Reynolds number
Re > 1 and small capillary number Ca < 1 with negligible viscous
effects. This is a distinguished regime from most studies of spreading,
which is slow and often characterized as a visco-capillary flow.

In any study of spreading, the contact line physics is of para-
mount importance. Several continuum contact line laws have been
advanced,”” modeling the liquid as a continuous media and prescrib-
ing CL behavior accordingly. Of particular interest to this work is the
Davis-Hocking model”*** of CL motion,

MAO = Ug, (1)

which relates the difference in contact angle from its equilibrium value
A0 = 0 — 0, to the contact line velocity Uy through the CL mobility
parameter M, which has previously been viewed as CL resistance
1/M.”” We note the Davis—-Hocking model employed herein is a mac-
roscopic continuum approximation of the complex molecular dynam-
ics (MD) underpinning the CL process.”® However, the computational
expense of MD models remains extensive. While progress toward
continuum-MD hybrid simulations shows promise,””** the CL phys-
ics remains elusive, though innate in droplet-spreading phenomena.””
For these reasons, our interest in the Davis—-Hocking law lies in its sim-
plicity and computational affordability. However, one challenge with

implementing the Davis-Hocking model is determining M, which has
historically been determined as a numerical fitting parameter.
However, a recent breakthrough by Xia and Steen™ introduced a tech-
nique to experimentally measure M by a resonant frequency sweep of
sessile drop motions. Here, we test whether M is a material parameter
by using the technique of Xia and Steen to measure M, which can then
be input as a known parameter into numerical simulations of sessile
drop coalescence that are then compared with experiment. We show
that numerical simulation compares favorably to experiment, sugges-
ting that the Davis-Hocking model is an appropriate CL law for
inertial-capillary spreading, and that M can be viewed as a material
parameter (functions solely of CL velocity and contact angle) in this
context.

Il. METHODS
A. Experiment

Sessile water drop coalescence experiments were performed on
four hydrophobic surfaces (S;, S, S3, and S4) in microgravity condi-
tions aboard the ISS. All substrates are made of Teflon and sanded to
various degrees to produce the associated wetting properties shown in
Table 1. Surface wetting properties were measured first on Earth,
though material degradation was expected due to transport and
storage from terrestrial to ISS lab. All measured parameters degraded
within 10% of their terrestrial-measured values. As such, all experi-
mental and simulated quantities reported in Table I were measured
aboard the ISS from a side view PixeLINK PL-D674MU camera at

t=0.17s

t=0.10s

FIG. 2. Side perspective of drop coalescence event on S surface from initial profile =0 s up to CL pinning t=0.63 s. The apparent “snow-caps” atop the drops are
substrate-edge reflections from the rear viewing light, which are exaggerated by the massive drop size.
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TABLE |. Substrate identification table with corresponding wetting properties: static,
advancing, and receding contact angles of 0y, 0,, and 0, respectively, hysterises
A0y = 0, — 0,, pre-positioned drop radius R and mobility parameter M. All angles
within +2° error.

ID  Substrate  0y(°) 0.(°) 0,(°) AOy R (cm) M (m/s rad)

S Unsanded 115 116 77 39 162 0.23
S, 320gritsanded 130 155 100 55 1.55 0.19
S; 240 grit sanded 143 163 62 101 1.63 0.09
Sy 120 grit sanded 128 148 59 89 140 0.12

50.5 fps. To accurately measure these wetting quantities, a single drop
(no coalescence) was placed on the substrate mounted to a shaker table
and oscillated in the plane-normal direction at the first resonant fre-
quency (approximately 2 Hz for all surfaces).””" This induces large
advancing and receding CL motions, as shown in Figs. 3(a) and 3(b)
from which the advancing 0, and receding 0, contact angles were mea-
sured by curve fitting a line to the CL edge of the binary images 3(c)
and 3(d). Static contact angles 0, were measured by fitting a circle to
the drop at rest and computing the angle of intersection with the circle
and the substrate. The pixel length of the images implies all angles
measured have maximum *2° error. The mobility M values were

a b
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TABLE II. Fluid properties for water and air (subscript g).

o (kg/ma) Pg (kg/m3) u (mPas) g (mPa's) o (J/m?)

998.0 1.204 0.998 0.0181 0.072

measured via the method of Xia and Steen,”’ as determined through
an experimentally determined relationship between the contact angle
deviation from static contact angle 6, and contact line velocity Uc;.
Deionized water was used as the working liquid with properties given
in Table II.

Each experiment began by depositing a pre-positioned liquid
drop on the substrate via a syringe. A second drop was grown near the
pre-positioned first drop until coalescence at t = 0, as shown in the top
row of Fig. 4. Drop growth was controlled by one of two methods. The
first was performed on surfaces S;, S;, and Sy, in which the second
drop grew in volume by pumping liquid through a hole in the sub-
strate until it coalesced with the pre-positioned drop. The second
method was performed on surface S, where the astronaut deposited
the second drop with a syringe and carefully guided it toward the pre-
deposited drop via the syringe, Fig. 4(b). In all cases, care was taken to
impose a minimal impact velocity at the coalescence event, although
the non-spherical shape of the second deposited drop implies

FIG. 3. Resonant droplet motions were
used to measure the wetting properties on
the ISS, as described by the advancing
(a) and receding (b) CLs with (c) and (d)
corresponding image edge detection for
surface Ss.
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FIG. 4. Time evolution of coalescence in top view overlaid with simulation (red) projections for surfaces (a) Sy, (b) S, (c) Ss, and (d) S,. All scale bars are 1.cm.

pre-coalescent dynamics, as shown in Figs. 4(a) and 4(d). The experi-
ments were visualized in top and side views by PixeLINK PL-D674MU
and MSG GigE 1050 cameras at 50.5 and 28.5 fps, respectively.

Image processing was performed using in-house developed auto-
mated interface tracking algorithms to resolve the interface posi-
tion.”””’ To summarize the procedure, we first perform a low-loss
conversion of the video to still images files. The images are then fur-
ther reduced to black-and-white binary files. To reduce image noise
due in part to small sparse air bubbles and spurious reflections, we
apply a Canny”” filter applying two thresholds for edge detection sen-
sitivity. We then increment the region of interest for each image and
tabulate the desired interface pixels. This process is performed many
hundreds of times for thousands of pixels for each still frame to resolve
the interface position.

B. Numerical simulations

The OpenFOAM computational fluid dynamics software is
employed to simulate sessile drop coalescence for the specific

experiments described above. This is important to evaluate the
Davis-Hocking model with no fit parameters. We briefly describe the
procedure. Pre-processing is specified via blockMesh, a native
OpenFOAM stencil tool, here used to generate a 6 x 6 x 6 cm® cubic
computational domain comprised of uniform cubic cells with edge
length € = 0.5 mm. Increasing cell count by 25% vyields less than 1%
change in horizontal and vertical coalescence extensions; then, the
simulations are considered spacially converged with the chosen e.
Initial conditions are specified via the funkySetFields utility,
which analytically specifies the initial cell value to a liquid or gas phase.
Initial drop shapes were not always spherical [Figs. 4(a) and 4(d)]. For
these initial conditions, initial drop shape was determined by fitting
ellipsoids to the images, where both the side view (Fig. 2) and top view
perspectives enabled fully resolved 3D non-spherical droplet shapes.
Drop diameters D, static contact angles 0, (cf. Fig. 1), and parameters
0, 0,, and M are taken from experimentally measured values. Fluid
properties are given in Table II. Open-flow boundary conditions, i.e.,
fixed pressure and zero velocity gradient, are specified on all bound-
aries except the substrate. The gravity vector g = 0, conforming to ISS
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TABLE IIl. Relevant non-dimensional numbers for experiments (subscript E) and simulations (subscript S): Reynolds number Re = p,Uc D/, capillary number
Ca = 1 Uct/a14, and Ohnesorge number Oh = i,/ +/p,014D, where D = 2R and R is the radius of the pre-positioned drop. Here, Uc, is the maximum magnitude of CL veloc-

ity on the x-axis.

Substrate Reg Reg Cag Cag Oh

S 6.55 x10° 5.77 x10° 2.80 x1073 246 x1073 6.5 x1074
S, 5.75 x10° 434 x10° 2.57 x1073 1.92 x1073 6.7 x1074
S, 3.94 x10° 8.73 x10° 1.67 x1073 3.71 x1073 6.5 x1074
Sa 5.80 x10° 3.60 x10° 2.87 x1073 1.78 x1073 7.0 x107*

conditions. Material advection, momentum, and continuity equations
are solved for the Davis-Hocking contact angle model, originally
developed in OpenFOAM by Ludwicki and Steen.'” Specifically, we
model the contact angle 0 as

For UCLZOZOIOa-f—UCL/M lf 0§1800,
otherwise 0= 180° —0;, (2)
for Ug, <0:0=0,+4 Uc,/M if 0>0°, otherwise 6 =10,.

to accommodate systems with contact angle hysteresis, with 0, and 0,
the advancing and receding contact angles, respectively, as shown in
Fig. 1(c), and 0 = 5° restricts the numerical model from implement-
ing nonphysical contact angle values. We note numerically that a
*+5% change in M yields <2% change in x, and y, extensions, and a
+50% change in M yields <15%. The contact angle model effectively
prescribes the gradient of the cell volume fraction o according to the
contact angle. Briefly, before the interface curvature is calculated, the
interface normal at the wall boundary is corrected to comply with
the target contact angle 0, satistying #,, - #1; = cos 0 at the contact line,
where 71,, and 7; are the unit normals of the wall and interface, respec-
tively. Further details of the contact angle implementation are
described in detail by Kunkelmann (Ref. 35, Sec. 3.2.4). The numerical
solution is computed via interFoam, a volume of fluid (VOF)
solver, applicable to incompressible, laminar, and two-phase fluid
flow. Here, we note that the interFoam solver has been modified to
remove artificial anti-diffusive surface fluxes, which have been

previously shown to improve transient behaviors in capillary-
dominated flows.” All post-processing is conducted in ParaView, a
native software included with the OpenFOAM installation. The rele-
vant non-dimensional numbers for the simulations are given in Table
III and are consistent with the inertial-capillary spreading regime,
Re > 1, Ca < 1,and Oh < 1, for all cases.

lll. RESULTS

Experimentally, two drops coalesce by molecular adhesion, evi-
denced by a topological change from two distinct bodies of liquid to
one. At this instance t =0, a liquid bridge is formed between the two
drops, as shown in Fig. 2, which dynamically evolves within the
interial-capillary regime. During this time, two primary curvatures are
observed, which include (1) the bulk curvature of the drops with asso-
ciated positive pressure due to the convex interface and (2) the bridge
curvature with negative pressure due to the concave interface. This
pressure difference induces large velocity gradients, which lead to
recoil of one or both droplets with associated interface deformations.
For unequal sized drops, the smaller drop recoils, with minimal CL
motions exerted from the larger drop [cf. Figs. 2, 4(a), 4(b), and 4(d)].
Binary drop coalescence exhibits near symmetric recoils of both bulks,
Fig. 4(c), and thereby larger CL motions from both drops. Here, pro-
jected area swept extensions for binary drops [Fig. 5(c)] exceed those
of asymmetric drop coalescence, Figs. 5(a), 5(b), and 5(d).

Hydrophobic wetting conditions combined with the asymmetric
nature of coalescence preclude velocity measurements along the entire CL.

a b c d
3.6 5
) 5
&E; 3.4 4 4
= 45
>
3.2 4 3 3
0 1 2 0 1 0 1 2 0 1 2
6 - 8 6
— —Experiment
E/ 5 —Simulation 6 5
g4
0 0 1 0 1 2 0 1 2

t(s)

t(s) t(s)

FIG. 5. Time evolution of projected maximal vertical y, (top row) and horizontal x, (bottom row) extensions contrasting experiment (black) with simulation (red) for surfaces

(a) S1, (b) Sz, (¢) 3 and (d) S.
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FIG. 6. (a) Raw signal for y, extension (black) overlaid with a sinusoid at dominant
frequency * (red), of which the spectra are shown in (b) for surface S,.

As such, we quantify the coalescence dynamics through (1) time evolu-
tion of the top/side view images and (2) time traces of the maximal
horizontal x, and vertical y, projected extensions, as shown in Fig. 1(b).
Our focus is on the inertial-capillary regime, which occurs during the
first half second (S;_4 = 0.63,0.5,0.52,0.52 s), and ignores the
dynamics in the visco-capillary regime, which can last in excess of
40s. We focus on comparing simulations to experiment to validate the
use of the Davis-Hocking CL model. In what follows, we discuss the
accuracy of simulations by comparing experiments. Accuracy is
assessed via two metrics: (i) qualitative accuracy via time evolution of
top perspective coalescence event (cf. Fig. 4) and (ii) quantitative accu-
racy via time traces of the maximal projected coalescence extensions in
the x- and y-axes, x,,(t) and y, (t), respectively, as shown in Fig. 1(b).
Simulations more accurately model lower hysteresis Afy
= 0, — 0, surfaces S, and S, as evidenced by Figs. 4(a) and 4(b). This
expected result was observed in recent literature on terrestrial-based
experiments.”” Figure 5 plots the projected extensions x, and y, for
all surfaces. The simulations most accurately predict early time x,

ARTICLE scitation.org/journal/phf

extensions during initial coalescence. This is expected, as the coales-
cence event initiates with horizontal touching, where the small curva-
tures at horizontal endpoints relative to the large curvatures along the
droplet length induce large pressure gradients via the Young-Laplace
equation (Fig. 4, second row). These large pressure gradients force the
drop to quickly recede to a sphere, thereby increasing inertia. The
Davis-Hocking model is found to accurately predict extensional oscil-
lations as determined by performing a fast Fourier transform of the y,
and x, extensions. Figure 6(a) plots the y, extension (black) for sub-
strate S, for a long time duration of 6s. Applying a fast Fourier trans-
form of the signal X + ax* sin(2nf *t) with X,ax the average
extension and maximum amplitude, respectively, for frequency f*, we
can extract the fundamental oscillation frequencies of x, and y, exten-
sions from the power spectra shown in Fig. 6(b). Applying this to both
simulation and experimental extensions, we find the average simula-
tion oscillation frequency is within 6%-16% of the experimental value
for all substrates.

Finally, the liquid bridge evolution was analyzed, and the radius
is shown in Fig. 7. A priori predictions’” and posteriori measure-
ments”"" have found r,,, grows proportional to t* for free drop—drop
coalescence. We might expect our results to deviate from these predic-
tions, given the wetting effects inherent in sessile drop coalescence.
Figure 8 plots the temporal bridge thickness r,, against time for all
four surfaces. Perhaps surprisingly, despite the asymmetries in droplet
size, shape, and variability of induced coalescence, we find r,, scales as
£, which is relatively close to the 0.5 exponent and consistent with
prior experimental studies that observed exponents ranging from 0.41
t00.55.”

Simulation and experimental disagreement can be attributed to
several unintended factors. In experiment, pre-coalescence dynamics
are evident and clearly seen by the ellipsoid projections in surfaces S;,
Sy Figs. 4(a) and 4(d). Drop connection to the exit hole results in
increased injected liquid volume for substrates S;,Ss, Sy, visually
shown in Fig. 4(a), t=0.24 s. Given the short time scales and large
drops, this added volume should be minimal. Surface S, undergoes
syringe interference throughout coalescence [Fig. 4(b)], which induces
circulation into the drop. All experiments were observed to undergo
vibrational asymmetric disturbances, which induce non-negligible

FIG. 7. Top view time evolution of drop coalescence for the S; substrate, with neck thickness r;,.
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FIG. 8. Liquid bridge thickness r,, against time displays a power law dependence 4.

1072

rotation, a phenomenon that is initially overcome by the heightened
inertia from initial coalescence but impacts system behavior at times
t = 0.5 s. During coalescence, all experiments exhibit spurious air bub-
bles, many of which are present pre-coalescence, refer to Fig. 4. These
air bubbles were not simulated and could impact dynamics. Despite
these limitations, the simulations do well to predict droplet coalescence
of large drops in microgravity, validating both the Davis—-Hocking CL
boundary condition and the mobility M measurement.

IV. CONCLUSION

In this work, we reported experiments of sessile drop coalescence
under microgravity conditions aboard the ISS. This rare flight data
allowed us to access inertial-capillary spreading motions, which are
difficult to analyze on Earth due to the short timescale transients and
small length scale displacements of the liquid-solid-gas CL. The
microgravity conditions allow for experimentation with larger length
scales and correspondingly slower time scales, thus enlarging the
inertial-capillary spreading regime. With the ISS advantage, we deter-
mined the contact line mobility M is a material parameter through the
following procedure. First, we experimentally measure M for a given
solid-liquid—gas configuration via plane normal surface vibrations of a
sessile drop, in this case reported in detail in Xia and Steen™ and use
this value of M to model another flow of interest, invoking the
Davis-Hocking model without any fit parameters. Here, we use com-
putational fluid dynamics simulations to compare with sessile drop
coalescence experiments on four separate hydrophobic substrates.
Despite several irregularities among experiments, the Davis—Hocking
boundary condition, with experimentally measured M, did well to pre-
dict the evolution of the sessile drop coalescence experiments, sugges-
ting, indeed, that M is a material parameter, at least for the flow
conditions considered here.

This work elucidates inertial-capillary spreading of a pair of
coalescing wall-bound droplets. The results validate the widely
accepted liquid bridge evolution prediction of Eggers et al” in a
parameter space never before studied. The reported experiments
assume substrates with uniform wetting properties, although, in prac-
tice, equilibrium contact angles and CL dynamics can vary even on a
single surface, as in wettability-gradient surfaces. Future studies that

scitation.org/journal/phf

investigate the effects of contact angle mismatch on sweeping would
be of value. Additionally, CL dynamics need not be isotropic, ’ which
suggests there may be an advancing M, and receding M, mobility
parameter. Future work in analyzing advancing and receding
mobility parameters could lead to a more accurate CL boundary
condition for numerical analysts. Additionally, the sweeping
behavior of three or more drops with or without chain-reaction
coalescence remains unexplored. Open questions persist as to how
the number of drops and their positioning affect coalescence
sweeping. Finally, a parametric study of contact angle hysteresis
would be of benefit to parse whether the equilibrium contact angle
or hysteresis is the dominant parameter in determining the extent
of coalescence-induced sweeping.
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