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Early stages of drop coalescence
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Despite the large body of research on coalescence, firm agreement between experiment,
theory, and computation has not been established for the very first moments following
the initial contact of two liquid volumes. By combining a range of experimental and
computational modeling approaches in two different geometries—namely, drop-drop and
drop-bath configurations—we elucidated the influence of the intervening gas and van der
Waals forces on coalescence. For the simple liquids considered here, the gas influences
both pre- and postcontact regimes, with jump-to-contact being the primary mode of
merging. Subsequently, wave-like air pockets are observed and ultimately influence the
initial opening dynamics of the neck.

DOI: 10.1103/PhysRevFluids.10.L042001

Introduction. The merging of liquid volumes is important for a plethora of fluid phenomena; for
example, drop-drop coalescence dynamics dictate the size of raindrops, efficacy of virus transmis-
sion, accuracy of inkjet printing, and efficiency of spraying phenomena [1–5], while drop-surface
interactions are key for production of ocean mist, air-sea gas exchange, and airborne salt particles
[6,7].

When colliding drops are able to displace the surrounding gas to touch, coalescence is initiated
by the formation of a liquid bridge (or neck) between the two drops, which subsequently grows
with surface tension, driving the expansion. Depending on the parameter regime, namely, whether
it is the viscosity or inertia of the drop that resists the capillary forces, different scalings have been
derived for this growth [8–10].

In the conventional hydrodynamic description of coalescence, growth is initially inhibited by the
viscosity η of the liquid. The rate of growth is then determined by a balance of capillary and viscous
forces, and a simple dimensional analysis then leads directly to a capillary velocity Ucap ≈ γ /η,
with γ surface tension, which gives the rate at which the fluid bridge increases. A more detailed
analysis [8] shows there is a logarithmic correction to this, leading to a temporal variation of the
bridge radius R ∝ τ log τ , where τ = t-t0 is the time from initial contact t0.

For the coalescence of water droplets (γ ≈ 70 mN/m and η = 1 mPa · s), Ucap ≈ 70 m/s. This
means that very rapidly the fluid inertia becomes important; the balance between inertial and viscous
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forces is dictated by the local Reynolds number Re(τ ) = ργ R2/R0η
2, with ρ the density, R(τ ) the

radius of the neck, and R0 the radius of the drop [11]. For millimeter-sized drops of water, Re ≈ 1
as soon as R ≈ 1µm. Thus, for water, the viscous regime is hard to observe, and the coalescence is,
from a practical point of view, completely inertial. The inertial dynamics is then given by

R(τ ) = A

(
γ R0

ρ

)1/4

τ 1/2, (1)

where the prefactor A covers 1–1.25 from imaging experiment measurement [9,12,13], slightly
lower than 1.62 from numerical simulation [14]. For coalescence, simulations and classical theories
assume that the initial state consists of two stationary, undeformed spherical drops joined by a
very small liquid bridge, with the Laplace pressure for a vanishing contact radius approaching
infinity. This poses the question of how these drops actually come into contact and displace the
intervening gas.

Experimentally, this is a very difficult question, as direct imaging is evidently limited by both the
optical resolution and the rate at which images can be acquired [9,12]. In addition, focusing on the
plane of the coalescing drops and “seeing into” its cusp-like region may lead to spurious exponents
for the dynamics, as shown in Ref. [15]. To overcome these issues, Paulsen et al. [11,16] deployed
an electrical method to infer the radius of the bridge in the early stages and proposed a new initial
regime in which inertia, capillarity, and viscosity are all important. However, simulations of the full
Navier-Stokes system [17,18] show no evidence for this regime, so the links between experiment
and theory remain unclear.

In this work, we study the initial stages of inertial drop coalescence at extremely short times
(≈0.1 µs) and small length scales (≈2 µm) in two configurations, drop-drop and drop-bath, elu-
cidating the role of initial contact and air drainage in the dynamics of neck opening. In the
drop-drop configuration, we show that, with good control of initial conditions in the electrical
setup, the dynamics of the neck opening follows the expected inertial scaling without deviation,
suggesting that previous experimental discrepancies were due to initial interface deformation caused
by undesired charges. In the drop-bath configuration, we develop a new imaging setup that enables
us to directly visualize the evolution of the air-liquid interface over time. We show for the first time
that the rupture of an air film during the merging of a drop with a bulk liquid occurs with a jump
to contact, generating capillary waves at the liquid surface ahead of an entrapped air pocket. This
consequently affects the inertial opening dynamics at the very first moments after coalescence. In
both cases, our experimental observations agree well with direct simulations that incorporate both
liquid and gas phases without assuming an initially spherical shape. Instead, we precompute the
initial conditions based on the approach problem, allowing us to accurately model the two different
configurations.

Drop-drop. We use an electrical technique similar to those described in Refs. [11,16,19,20]
to measure the coalescence between two drops. The experiments consist of two electrodes
facing each other, each holding a liquid droplet. The upper electrode is translated downward
using a speed-controlled translation stage. We used salt water (NaCl) with high conductivity (30
mS/cm, see Supplemental Table 1). Our electrical setup allows us to achieve micron spatial and
∼100 nanosecond temporal resolution. By minimizing applied voltage and undesired surface
charges before coalescence, we ensure the droplet remains spherical rather than conical, as the
initial shape strongly influences neck-opening dynamics [15,21] (see Supplemental Material Part Ic
in [24], including Refs. [15,19,20,25,31–34]).

In Fig. 1(a), we plot the measured conductivity as a function of time. The shape of the liquid
bridge is computed from a simulation, allowing us to calculate the radius of the neck over time. We
use a numerical scheme based on a volume-of-fluid method provided by the Basilisk software [22],
which uses QUADTREES [23] to allow efficient adaptive grid refinement of the interface close to
the coalescence region (Supplemental Material [24]). The measured resistance of the liquid bridge
data is well described by the simulations at an early stage of the coalescence point.
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FIG. 1. (a) Electrical resistance � of a low-viscous saline capillary bridge (η = 1.8 mPa s) between two
electrodes (R0 = 1 mm) as a function of time. The upper electrode moves at a very low constant downward
speed, initiating coalescence; the electrical resistance is obtained from the complex impedance of the circuit,
following the method detailed in Ref. [16]. (b) From the electrical resistance shown in (a), the opening
dynamics of the neck can be calculated by Eq. 2. Data from Ref. [11] are also plotted for comparison
(viscosity η = 1.9 mPa · s). Dots represent averaged values for three different experiments, while the shaded
area corresponds to standard deviations.

Figure 1(b) shows the minimum neck radius R/R0 as a function of time after coalescence as
follows from the electrical measurements: the neck diameter is obtained using relation [16],

R = 2

[
3.62σ

(
� − 1

πR0σ

)]−1

, (2)

with � the electrical resistance and σ the conductivity of the fluid, which we also confirm from our
simulation (Fig. S3 in Supplemental Material [24]). The dynamics follow the form R(τ ) ∝ τα , for
which we recover α = 0.5 for the inertial case. We attribute the different slope observed by Paulsen
et al. [11] at early times to the initial deformation of the interface due to the presence of charges
and the use of a liquid with lower conductivity. To validate this hypothesis, we conduct experiments
in which we preliminarily charged the drops and compare the dynamics with drops that remained
uncharged. In the presence of charges, side-view images show conical-like deformation (Fig. S4
in Supplemental Material) of the interface and cause immediate deviations from the t1/2 inertial
scaling to ∼t2/3 [15]. However, in the absence of optical imaging at these time scales and spatial
scales, we have no information about how the initial contact occurs or the subsequent shape of the
interface. These results nonetheless suggest that the details of how the drops are brought into contact
can affect the opening dynamics, which will take on its importance later.

To access this initial precontact approach stage, we deploy bespoke finite-element simulations
for the drop dynamics, which include the influence of the gas, with corrections due to kinetic
effects for microscale gas films, alongside van der Waals forces; see Refs. [25,26] for details of
the computational framework. In Fig. 2, we see that, for the slow approach speeds considered in our
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FIG. 2. Computed interface profiles of the final stages of a drop moving toward another drop at 5 µm/s, just
before first contact at τ = 0. The inset shows the position of the upper drop and the vertical displacement of
the lower drop from its undeformed spherical shape at τ = 0 – clearly, this is localized near r = 0. The earliest
timestep shown is when the flattening of the lower drop due to the gas film is maximal.

experiments, the deformation of the drops caused by gas lubrication is relatively small so that the
interfaces meet at r = 0, that is, no bubble is entrapped. Notably, the van der Waals force causes a
jump to contact when the separation of the drops is ≈30 nm over a timescale of ∼0.1 ms. Separations
of tens of nanometers are consistent with the literature [27–30] and were previously observed for
atomic force microscopy (AFM) tips that connect to a fluid surface.

Drop-bath. To access the initial stages of coalescence optically, we turn to the drop-bath
configuration and use a novel approach by viewing the event from “underneath” to overcome
spurious effects due to side imaging [15,31], where it is not possible to measure small contact
radii (less than 20 µm). The setup consists of a drop on a needle to which liquid is supplied
slowly by a syringe pump. This drop is facing a bath of the same liquid (Supplemental Fig. S7,
[24]). Our needle tip is millimetric, and a drop is slowly grown at its tip until it coalesces with
the bulk (growing velocity �20 µm/s, to minimize the effect of air drainage between the droplet
and the bulk surface). The viscosity, density, and surface tension are given in Supplementary
Table S1 [24]. All experiments were performed at room temperature (22 ± 1 ◦C) and atmospheric
pressure.

The growth of the neck bridging the droplet with its bulk is recorded from below through the
bath using an inverted microscope (Zeiss Axiovert A1) at a frame rate of up to 1 000 000 fps
using a high-speed camera (Phantom TMX 7510), allowing us to reach a spatial resolution of
typically 0.9 µm/pix. The minimum radius of the neck R is followed in time by an image analysis
routine (Fig. 3).

Figure 3(a) shows a sequence of the neck opening during coalescence for the droplet-bulk
geometry, exhibiting two key features. It is immediately clear that (i) there is an abrupt change in
intensity corresponding to the coalesced bridge radius, and (ii) there are concentric rings ahead of the
bridge, as seen in Fig. 3(b), which appear to be the signature of interfacial waves refracting passing
light. This is confirmed by examining the interface profile obtained from the Basilisk simulations at
a specific time (τ = 64 µs), shown in Fig. 3(c), where waves are observed ahead of an air pocket.
This combination of inertial coalescence driving wave formation and gas lubrication preventing the
pinching of toroidal bubbles has been previously described theoretically and in simulations [14,17],
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FIG. 3. (a) Image sequences captured from the bottom view using a fast camera. The photographs depict
the very early stages of bath interface coalescence, where the droplet (water, R0 = 0.9 mm) contacts the
lower bath. (b) Corresponding spatiotemporal averaged intensity of (a). Black dot points indicate the tracked
minimum neck diameter R, and the dashed red line represents the Basilisk simulation for the same droplet
radius R0 as in (a). As the minimum neck diameter increases, capillary waves are excited ahead of the front, as
shown by the change in intensity. (c) Profiles of the interface extracted from the simulation at τ = 64 µs after
coalescence (left), and its corresponding first derivative (right). We define the lengths 
i for which the local
derivative is positive or negative. These lengths correspond to the change in intensity observed in (b) as a result
of the refraction of light at the bath interface. (e),(f) The first length 
1 corresponding to the air pocket size
in (c) as a function of the rescaled time (with the inertial time τi = √

ρR3
0/γ ) and the rescaled minimum neck

radius.

and is also predicted for viscous coalescence [8], but direct and strong experimental evidence for it
was lacking until now.

To further confirm this hypothesis, in Fig. 3(d) we plot the spatial deformation (dz/dr), obtained
from the simulations to define domains 
i, where the interface undergoes pronounced changes.
In Fig. 3(b), we show that this aligns with experimentally observed intensity variations. The
characteristic size of the first domain 
1, which corresponds to the air pocket size shown in Fig. 3(c),
is shown in Figs. 3(e) and 3(f) as a function of time and neck radius, respectively. Simulations and
experimental results again show good agreement and demonstrate that the air pocket grows linearly
in time [Fig. 4(e)] and as R3/2, as predicted by theory [8], regardless of the different viscosities of
fluids (1 mPa · s to 11.5 mPa · s) we tested in our experiments.

As shown in Fig. 4, for the late stage of coalescence, the inertial-capillary regime of drop-drop
coalescence is recovered with R(τ ) ∼ τ 1/2. In the early stage, a different regime is observed for
all fluids, with a radius smaller than what would be expected from the inertial-capillary regime;
Something else slows down the coalescence. For this earlier regime, all the curves collapse when
scaled with the inertial time: There is no effect of viscosity. We therefore look into the dynamics of
the air film.

In our experiments, we observe interference fringes between the two surfaces in the last frames
before coalescence (see Supplemental Fig. S8), which suggests the presence of a thin air film that
acts as a lubricant between the two approaching surfaces. This air film continually thins, and if
it becomes thin enough, the two surfaces jump into contact. This behavior is also confirmed by
finite-element simulations in Fig. 5, showing the final moments of the approach of a drop toward
a liquid bath before coalescence. The gas is modeled using a lubrication equation and incorporates
the van der Waals-driven disjoining pressure that causes the jump to contact, as well as gas kinetic
factors that account for microscale gas films, as described in Ref. [25]. Figure 5 shows that the bath
is pushed down vertically ∼30 nm over the radial extent of the drop ∼mm before the drop jumps
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FIG. 4. Rescaled radius (with R0 = [0.9; 1.73] mm) versus rescaled time for the different liquids inves-
tigated in the drop-bath configurations and plotted together with the drop-drop configuration (Fig. 1) for
direct comparison. Lines show the results obtained from simulations (Basilisk) and symbols from experiments
(imaging and electrical).

to contact, over a radial extent ∼3 µm in ∼0.1 ms, similar to the mechanism seen in the drop-drop
case but with a vertical shift.

All this suggests that the initial deformation of the interfaces due to the presence of the air film
can change the initial opening dynamics of the liquid bridge, and this effect is more important for
the drop-bath than for the drop-drop case, because of their different geometries. To see whether we
can reproduce the dynamics of the radius, Basilisk simulations (dashed red line) of the droplet-bulk
coalescence for water succeed in qualitatively describing the deviation from the t1/2 law; we use an
initial neck diameter of 2.7 µm, which is the smallest size feasible in these simulations. To achieve
this agreement, the time axis in the simulation was set to match the experiments [Fig. 3(b)]; adjusting
the time is rather standard and amounts to fixing the coalescence time t0. If we use the final profiles

FIG. 5. Same graph as in Fig. 2, but here we computed the interface profiles of the final stages of a
drop moving toward a liquid bath before first contact at τ = 0 (approach speed is 5 µm/s). The inset shows
the extent of the deformation of the drop and bath at the moment of contact, highlighting differences with
the drop-drop case. The earliest timestep shown is when the deformation of the bath due to the gas film
is maximal.
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from the finite-element calculation as a starting point, we get a much better agreement (dashed red
line, showing again that the initial deformation is important. However, to obtain this agreement,
in both the deformed and undeformed cases, we had to adjust the initial minimum neck diameter
R by 50 µm to align the experiments with the simulations (see the comparison in Supplemental
Fig. S9). It is perhaps unsurprising that a small spatial shift is required to account for the missed
dynamics; in fact, it is rather remarkable that this shift alone is sufficient to achieve good agreement
with experiments at later stages. The physical reason behind this shift presents an interesting open
question for future work.

Our findings open several exciting avenues for future research. The ultrafast imaging techniques
we deployed, combined with high-precision interferometry, could provide deeper insights into the
initial contact dynamics and the evolution of the air film. Additionally, finite-element simulations
that bridge the pre- and postcontact regimes would offer a more comprehensive understanding of the
complex interplay between inertial, capillary, and viscous forces during coalescence. Furthermore,
our work has potential applications in microfluidics, inkjet printing, and emulsion stabilization,
where precise control over droplet coalescence is crucial. Exploring these applications could lead to
innovative advancements in controlling droplet behavior in flows and ensuring film stability across
various technologies.
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