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I. DROP-DROP
A. Basilisk Simulations.

Work has been carried out on dimensionless variables using the drop radius, surface
tension and density of the liquid as the basis for non-dimensionalizing. In the numerical
study, gravitational forces were neglected. Axisymmetric simulations are performed in a
cylindrical coordinate system (7, z) in a box of length L where the axis of symmetry lies
along the z-axis (the left boundary of the box).

In the 2 drops case, the symmetry of the problem has been exploited to reduce the
computational cost. A numerical domain of length L=1.1 was chosen in which one of the
drops centered at the point (0, —0.1) was placed [see Fig. S1 (a)]. A symmetry condition was
imposed on the bottom boundary to model the other drop. The two drops were brought into
contact by an artificial neck with a radius of 0.0028. Initially, both fluids (liquid and gas)
are at rest. The cells in Basilisk are square, so an initial mesh with a maximum refinement
of 18 was used in the contact zone to model the collapse of the droplets in the early stages.
As the meniscus formed and retracted, this maximum refinement level was reduced.
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FIG. S1: Numerical domains. a) shows the numerical domain for the two drops case
while b) It shows the numerical domain used for the drop-bath case.

Numerical computation of the electrical resistance

The numerical resistance was computed using a combination of Basilisk simulations and
a finite element method. The methodology used is briefly described below.

First, at the selected time at which the resistance is computed, the numerical profile of the
interface is extracted from the Basilisk simulation and saved into a text file. This file is then
imported to MATLAB to generate the closed domain needed to solve the Laplace equation
for electrical problem. The geometry is normalized with Rmin, and centered at the axial
position where the interface has its minimum radius. Neumann boundary conditions are
applied on the free surface and on the axis while Dirichlet boundary conditions are applied on
the solid supports. A normalized drop in the electrical potential equal to one was considered.
Then, the Laplace equation is discretized and solved using a finite element method provided
by MATLAB PDE tool. Once we got the electrical potential, the constant and normalized
current flow (intensity) through the system is obtained by integrating the axial derivative of
electrical potential at any axial position, assuming an electrical conductivity equal to one.
Finally, the numerical electrical resistance is simply computed by dividing the intensity by
Rmin- See Deblais et al. (2018) for further details of the procedure.

B. Finite element simulations

Whilst Basilisk is able to accurately capture the post-merging coalescence event, volume of
fluid techniques are not well suited to resolving the pre-contact ‘collision’ phase to determine
the initial contact dynamics. Here, we use the finite element approach described in detail
in Sprittles (2024), focusing it on low-speed collisions as opposed to its usual application to
higher speed impacts.

The computational model is based on solving the Navier-Stokes equations in the bulk of
the drop/bath coupled to a lubrication description of the gas phase. Due to the small film
heights encountered, gas kinetic effects are accounted for, and are often crucial, alongside
van der Waals forces between the two distinct volumes (drop-drop or drop-bath) that will act
to pull the interfaces together. The governing equations are then solved using an open-source
finite element package oomph-lib (Heil, Hazel, and Puneet, 2022) based on the arbitrary
Lagrangian Eulerian approach which, crucially, permits a high accuracy representation of
the free surface and is well suited to multiscale problems like this one. Complete details are
provided in Sprittles (2024).



Here, we take the experimental values, using material parameters for the water-air system
alongside a collision speed of 5 x 10 ® m/s and, due to its negligible effect on the ‘jump
to contact’, neglect gravity. In Fig. 2 the profiles of the interface shape as the two drops
approach show that there is very little deformation due to the gas but that the van der
Waals forces between the two interfaces causes a ‘jump to contact’ when their separation is
~ 30 nm which deformed the drop on a lateral scale in the order of of pym.

C. Electrical setup

We measured the resistance of the opening of the neck neck with an electrical circuit
analogous to the one described in the references Case (2009); Paulsen, Burton, and Nagel
(2011); Paulsen et al. (2012).

Electrodes

FIG. S2: Electrical setup used for the measure of the electrical resistance of the
coalescence event. (a) The entire setup is placed in a chamber flushed continuously with
humid air to prevent evaporation. A close view of the two electrodes receiving the two
droplets. The upper electrode can be translated downward thanks to a speed-controlled
translation stage. The dynamics of coalescence is followed, over a large time scale, by
measuring the electrical resistance (oscilloscope on the top) and by imaging (fast camera)
the capillary bridge. (b) Equivalent electrical circuit.

The voltages V1 and V2 were measured and sampled simultaneously at a rate of 1 GHz.
The frequency f of the input sine wave from the function generator was set at a maximum
value of f = 10 MHz, allowing us to reach sub-microsecond time scales. At these frequencies,
electromagnetic waves can interfere with the measurements, so we shielded and enclosed the
experiment to minimize parasitic capacitances.

The high-frequency voltages were read into Matlab and analyzed using a custom-built
routine. The analysis averaged the incoming signals over a single period to determine the
ratio of their amplitudes, V,/V1, as a function of time ¢. In addition, the analysis compared
the input signals with a reference sine wave to calculate the relative phase shift of each
signal over time. We limited the maximum applied voltage to 1 V to prevent deformation
of the droplet interfaces during contact. This 1 V limit has been previously reported in
Paulsen (2013), ensuring that the interfaces remain undeformed by the electric field when
in close proximity. To avoid such deformation, the measurements reported in Fig. 1 were
obtained with an applied voltage of 300 mV.

Furthermore, we observed that external factors, such as the presence of charges, strongly
affect the initial shape of the droplets and thus the coalescence dynamics. To minimize this
effect, we grounded the setup and used an antistatic gun (Zerostat) before each experiment.
Sup. Fig. S4 demonstrates how the presence of initial charges influences the dynamics (see
the conical shape resulting from the presence of charges in Fig. S4).



1. Relation between the electrical resistance and the neck diameter

The minimum neck diameter R is obtained indirectly by measuring the electrical resis-
tance 2 of the neck in time. To obtain the minimum neck diameter, we use the equation 1
proposed by Paulsen (2013):

1 1

R=2[(Q- )3.620] (1)
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We confirmed the validity of this equation with our simulations by plotting the electrical
resistance obtained from our Basilisk simulation as a function of the minimum neck diame-
ter. The results presented in Fig. S3 confirmed the good agreement between the two. Thus,
we use this equation to convert the measured electrical resistance from our experiments to
the minimum physical diameter of the neck R.
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FIG. S3: Relation between electrical resistance and the minimum neck diameter.
The red solid line are results obtained from the Eq. 1 and the blue solid line is obtained
from our Basilisk simulations.

2. Effect of charges on the drops’ interface and coalescence dynamics.

In our experiments, we applied a characteristic voltage of 300 mV, with an upper limit of
1V, to ensure that the interfaces were not deformed by the electrical field. This approach is
consistent with the methods used by Paulsen et al. (2011), where a similar electrical conduc-
tivity (30 mS/cm compared to 20 mS/cm in their work) was used to avoid deformation of
the drop interface. Fig. S4 compares charged and uncharged water drops as they approach
each other. Initially, two water drops with similar sizes formed on the tips of two vertical
plastic nozzles (diameter 2.3 mm). Similar to the setup used in the electric measurement,
we fixed the bottom drop while moving the top drop towards the bottom one. Fast imaging
was applied from the side using an optical zoom lens (20x magnification). To charge the
drops, we simply used a charged plastic tube (by rubbing with dry hair) to get close to the
drops before coalescence occurred. These measurements were performed solely to evidence
the general impact of excessive surface charge on drop deformation and dynamics.

When the drops are charged, a conical liquid neck appears in the early moments of coa-
lescence (Fig. S4b). This charge effect causes a deviation in dynamics from the noncharged
case, following the capillary-inertial scaling, R ~ t172 to R ~ t*=3 (Fig. S4a). We believe



that this pointed shape of drops could also occur in drop-drop electric experiment where an
external electric field is applied, such as in the work of Paulsen, Burton, and Nagel (2011).
However, in our drop-drop electric measurement, before triggering coalescence, we carefully
used a zero-static gun to discharge the drops, ruling out the pointed shapes.
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FIG. S4: E ect of surface charges on the dynamics of coalescence of water drops
(imaging). (a) The presence of charges on water droplets (orange symbols) is shown to
influence the coalescence dynamics at early stages, compared to the uncharged case (blue
symbols). Note that, the initial drop sizes in these two experiments are slightly different.
(b) Snapshots of the profiles at the first contact of coalescence, highlighting the difference
between the two cases.

3. Comparison with Beaty and Lister (2022)

Beaty and Lister (2022) developed an analytical theory for the van der Waals-driven
contact of two drops. This neglects inertia, and the initial condition is of stationary drops
perturbed from a spherical state, rather than spherical drops moving slowly, as in our sim-
ulations. They also neglect the effects of the surrounding gas. They construct a similarity
solution as follows. They define the non-dimensional parameter H = ﬁ, which char-
acterizes the relative strength of the van der Waals force compared to the surface tension.
The rescaled, non-dimensional radial coordinate is defined as 7 = r/(RH®), and the per-
turbed gap width as d(r,t) = (2z(r,t) — r?/R)/(RHY¥3). This rescaling is shown in the
main plot of Fig. S5, where we note qualitative agreement with Fig 2 of Beaty and Lister
(2022). The circles represent the mesh points of our simulation. In inset (i), we rescale
by do = d(0,t) and compare to the similarity solution (do + #272)*2, where 6 depends on
the initial condition, given by % at the edge of the validity of the similarity solution. For
this comparison, we fit §. The plot shows that we approach the similarity solution (shown
zoomed in inset (ii)), but in the final moments of approach, the resolution of our mesh
becomes too coarse (due to the division by dp), and the simulations no longer converge to
the similarity solution. The results in Beaty and Lister (2022) neglect inertia. In their
second paper (Beaty and Lister, 2023), they include inertia, but we have been unable to
achieve agreement with their results for the viscous-inertial regime.
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FIG. S5: A comparison between our drop-drop simulations in Figure 3, and the similarity
solution predicted by Beaty and Lister (2022).

Il. DROP-BULK
A. Basilisk Simulations

In this case, a computational domain of length L. = 1.5 has been chosen in which the
droplet is centered at the point (0,0). A liquid bath with a flat and free surface was added
at a height 2 = 2/R = —1 (see Fig. S1(b)). The drop and the bath were brought into
contact by an artificial neck with a radius of 0.003. An initial mesh with a maximum
refinement of 19 was used in the contact zone to model the collapse of the droplet with
the bath in the early stage. Again, as the meniscus formed and retracted, this maximum
refinement level was reduced.

Water case R=0.9mm
-04F

05 t=1e-05

-0.7F

0.8} o o t=0.02

091

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
r (mm)

FIG. S6: Simulated (Basilisk) interface profiles for different times after coalescence in the
drop-bulk configuration. Note the formation and the growth of the air pocket followed by
waves.

An additional simulation (labeled ‘Deformed’ in Fig. 4 of the main text) instead used
the bath profile computed at the moment of contact by the finite element simulation in



Fig. 5, where the bath has been forced down ~ 30 nm. The spherical drop was also shifted
vertically down so that at » = 0 the vertical distance between the drop and the bath is the
same as that found by the finite element simulation before the ‘jump to contact’ occurred
(t = —0.07 ms in Fig. 5) An artificial neck of radius 0.003 was then added (the same as the
‘undeformed’ case).

B. Finite element simulations

Fig. 5 for the drop-bath case in the main text shows that the drop exhibits a rather
similar shape to those recovered for the drop-drop case, with a notable ‘jump to contact’.
However, the deformation of the bath is more prominent, with a ‘dip’ of ~ 30 nm below
its initial height seen when contact occurs. This is because the Laplace pressure associated
with the planar, or slightly deformed, bath interface is significantly lower than the drop’s,
and therefore the gas lubrication pressure has more of an influence on it — one can see from
the figure that this deformation has occurred well before the final stages of contact, and the
inset shows that it extends radially to the width of the drop.
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FIG. S7: Experimental setup for drop-bulk coalescence. The setup combined a microscope
(Zeiss Observer) coupled to a fast camera with different magnifications.

C. Imaging setup

As mentioned in the main text, to access the initial stages of coalescence optically, we
deploy a novel approach by viewing the event from ‘underneath’ to overcome spurious effects
due to the side imaging (Winkels et al. (2012); Eddi, Winkels, and Snoeijer (2013)). The
setup consists of a drop on a needle to which liquid is supplied slowly by a syringe pump
(Harvard Apparatus). This drop is facing a bath of the same liquid (See Fig. S7). Our needle
tip is typically millimetric (diameter 1.37 mm) and a drop is slowly grown at its tip until it
coalesces with the bulk (growing velocity < 20 pm/s, in an attempt to minimize the effect






