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ABSTRACT
When a low-viscosity drop coalesces with a pool surface of the same liquid, it often portrays partial coalescence, where it pinches off a daughter
droplet from its top. Such partial coalescence can also occur for a drop spreading on a strongly hydrophilic solid surface. Herein, we investigate
the partial coalescence of a low-viscosity drop with a pool surface, when the viscosity of the miscible pool is changed from low to very high,
in other words, spanning the conditions from a pool to a solid surface. We find that above a certain pool viscosity, the partial coalescence
transitions to second-stage coalescence with a much smaller satellite droplet. This occurs because higher pool viscosity prevents drainage from
the drop into the pool, which, in turn, increases the axial curvature in the neck connecting the primary satellite to the drop, thereby preventing
the first-stage pinch-off.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035019., s

INTRODUCTION

The coalescence of a drop with a pool surface is a primary
mechanism in the coarsening of emulsions. Starting from a uni-
form distribution of heavier droplets inside a continuous phase, the
repeated droplet coalescences will eventually form a bottom pool
of the distributed phase onto which individual droplets will settle
and coalesce. Following the drainage of the intervening fluid film,
the drop makes contact with the pool surface forming a neck with
sharp axial curvature, where the surface tension drives rapid radial
motions. This also forms a capillary wave that travels up the drop,
stretching its apex upward, often leading to the pinch-off of a satel-
lite. Partial coalescence, therefore, slows down the full separation of
the two phases. For ease of notation, we call the original droplet the
mother drop and the pinched-off satellite drop the daughter droplet
of diameters Dm and Ds, respectively.

Partial coalescence was first studied by Charles and Mason1,2

in two-liquid emulsions. They suggested that a Rayleigh capillary-
instability controlled the satellite pinch-off. Thoroddsen and

Takehara3 demonstrated self-similar capillary-inertial dynamics and
introduced the term coalescence cascade. They showed that the
pinch-off time Tσ , from the first contact to detachment of the satel-
lite, satisfied capillary-inertial scaling with the drop diameter as
Tσ ∝ D3/2

m .
Subsequent studies by Blanchette and Bigioni4,5 used numeri-

cal simulations to map out the parameter space, showing the onset
of gravitational effects for large drops or large Bond numbers. They
also identified a critical Ohnesorge number for smallest satellites,
which can be generated before viscosity dampens the capillary waves
and stops the pinch-off of the satellite. For water, the smallest daugh-
ter satellite is about 20 μm. Surprisingly, for mercury drops in air,
this corresponds to a 600 nm satellite size,6 even though this has not
yet been verified experimentally.

Chen et al.7,8 and Yue et al.9 studied partial coalescence in
emulsions, using a wide range of liquids, including non-Newtonian
and viscoelastic effects. Gilet et al.10 studied the satellite formation
for a large number of liquid–liquid combinations, showing the effect
of viscosity differences between the inner and outer phases, while
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keeping the drop and pool the same. They also identified the dom-
inant capillary mode responsible for the pinch-off in the droplet
case.

More complicated configurations include the influence of
Marangoni effects from the presence of surfactants, studied exper-
imentally by Blanchette, Messio, and Bush,11 which have also been
simulated numerically by Martin and Blanchette.12 Recently, Dong
et al.13 studied this configuration in a liquid–liquid interface using
particle image velocimetry (PIV)-techniques by matching the refrac-
tive index. They observed that the presence of surfactant reduces
the range of the capillary inertia regime, while the ratio of the
drop size between the daughter and mother drops decreases as
the surfactant concentration increases. Haldar et al.14 compared
different surfactants experimentally and showed that the increas-
ing surfactant concentration reduces the number of stages in the
cascade.

Furthermore, the influence of electric fields on coalescence
has been studied by Aryafar and Kavehpour15 as well as Hamlin,
Creasey, and Ristenpart.16

Zhang et al.17 studied the coalescence of two droplets, varying
their relative size, by gently releasing a droplet above a sessile drop
sitting on a nozzle. They observed and characterized conditions for
second-stage coalescence, where the neck fails to pinch off during the
first necking. Subsequent numerical simulations by Ray, Biswaz, and
Sharma18 and Deka et al.19 have reproduced the second stage.

Droplets spreading on strongly hydrophilic surfaces can also
pinch off similar satellites, as shown by Roux and Cooper-White,20

Rioboo et al.,21 and Ding et al.22

Partial coalescence is also observed for coalescing bubbles.
Zhang and Thoroddsen23 showed that the resulting satellite is much
smaller, ∼0.1Dm, than for drops, where Ds ∼ 0.5Dm. Li et al.24 stud-
ied a related process in a three-phase system, where a bubble passes
through an interface between two immiscible liquids. Here, the
dynamics are strongly affected by the spreading parameter at the
triple line. Zhang et al.25 studied the details of this transition in
the dynamics, from emulsion drops to bubbles, by using xenon bub-
bles inside a pressure chamber at up to 78 bars, thereby changing
the density ratio between the two phases. They supplemented their
experiments with axisymmetric simulations using Gerris.26

Thoroddsen et al.27–29 imaged and modeled the coalescence
speed of a pendant and sessile drop based on the separation of the
two surfaces as a function of radius (see also the modified model in
Ref. 30). They observed that when the liquid viscosity increases, the
neck curvature becomes gradually sharper.

Honey and Kavehpour31 and Kavehpour32 gave a detailed
review of the early work on partial coalescence. studying the influ-
ence of viscosity, Marangoni stress, and electric fields.

Finally, Pucci, Harris, and Bush33 reduced the inertia of
the surrounding phases by using a soap-bubble coalescing with
a soap-film. This highlights the capillary-wave nature of the
phenomenon.

Herein, we have studied different liquid properties in the
drop and pool, varying the pool viscosity. Such situations can
occur for liquids that are heated up for melting or during mate-
rial processing on a cooled surface. In such processes, satellites can
be detrimental, leading to non-uniformities, cross-contamination,
or entrapment of minute bubbles, for example, in glass produc-
tion or inkjet printing in biology. Partial coalescence is also of

relevance for natural phenomena such as the growth of rain-drops
and mist.34–36

EXPERIMENTAL SETUP

Figure 1 sketches our experimental setup, which consists of
independently released drops pulled off by gravity from narrow noz-
zles. The nozzles are glass capillaries formed in a glass-puller, whose
diameter is varied between 50 μm and 410 μm, allowing us to pinch
off repeatable drops of diameters between 0.55 mm and 1.90 mm,
with variation in the effective diameter D = (D2

HDV)1/3 of about 1%
between adjacent drops. Here, DH and DV are the measured hor-
izontal and vertical diameters, respectively, of the sessile drops on
the surface before the start of coalescence. We study the partial coa-
lescence of these drops with liquid pools of different but miscible
silicone oils, which have a wide range of higher pool viscosities. This
mimics conditions for a drop coalescing with interfaces from a liq-
uid pool to a solid surface. The viscosity of the drop is kept fixed at a
very low value of 0.65 cSt, while the pool viscosity is varied between
0.65 and 2 × 107 cSt, as listed in Table I of the supplementary
material. The pool depth was always larger than the drop diameter
and kept around 3 mm. To minimize the impact velocity, the drop is
released as close to the pool surface as possible, but high enough that
the capillary waves do not touch the nozzle as they extend upward
the apex of the drop. The drops usually bounce once before making
contact.

During the coalescence cascade for identical liquids, each
experiment portrays numerous steps in the cascade with smaller
drops emerging from each partial coalescence. Here, however, the
pool surface becomes contaminated at each step and the pool must
be interchanged after every coalescence event. Each combination
was repeated 6–10 times to verify repeatability.

FIG. 1. Schematic of the experimental setup. Angled view of typical partial coa-
lescence of a 1.6 mm drop of 0.65 cSt silicone oil on a pool of the same
liquid.
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FIG. 2. The typical coalescence cascade for a 0.65 cSt drop of silicone oil on a pool of the same liquid. The panels show four subsequent sequences, where a daughter
droplet is pinched off, with the drop diameters D reducing sequentially from 553 μm to 294 μm, 122 μm, 63 μm, and 38 ± 7 μm. The thin glass nozzle used to release the
drops is visible in the top left corner. The frames shown are at times, relative to the first contact, of (a) t = 0 ms, 0.08 ms, 0.37 ms, 0.56 ms, 0.90 ms, 1.10 ms, 1.48 ms,
1.71 ms, 2.02 ms, 3.67 ms, and 5.70 ms; (b) t = 0 ms, 0.06 ms, 0.18 ms, 0.25 ms, 0.41 ms, 0.47 ms, 0.66 ms, 0.74 ms, 0.87 ms, 1.41 ms, and 2.43 ms; (c) t = 0 ms, 0.050 ms,
0.110 ms, and 0.155 ms; and (d) t = 0 ms, 0.080 ms, and 0.165 ms. The scale bars are all 200 μm long. The video clip is obtained at 200 kfps and the pixel resolution of the
frames is 14 μm/px, as is clear for the last two stages, where we retain the pixel resolution of the frames.

For the largest pool viscosities, it was sufficient to shift the
substrate horizontally to a fresh location along the surface. For the
largest pool viscosities, the liquid was allowed to spread on a glass
plate for at least one day to guarantee a flat surface.

For the super-hydrophilic solid surface, the new glass-slides
were first cleaned and then coated with a Glaco solution to make
them superhydrophobic.37 This was followed by treatment in a
plasma cleaner, thereby producing a super-hydrophilic surface.

We used a high-speed video camera (Phantom V2511), at frame
rates of up to 200 000 fps, with a long-distance microscope (Leica
APO Z16) that has interchangeable objectives and adjustable zoom.
Most of the imaging is done at a pixel resolution of 14 μm/px. We
use backlighting with a cool Sumita metal halide lamp that shines on
a diffuser sheet.

RESULTS

Figure 2 shows four steps in the typical coalescence cascade for
a 0.65 cSt drop of silicone oil on a pool of the same liquid. This
verifies that drops of this liquid follow the expected dynamics,3 for
drops smaller than the capillary length a = √σ/(ρ g) = 1.46 mm.
The average reduction in size in each step is here Ds/Dm = 0.518.
The smallest drop in the last frame of Fig. 2(d) coalesces without
pinching off a satellite for Ohd ≃ 0.0326 [see Eq. (1)], consistent with
the critical values found by Blanchette and Bigioni.4 Starting with

FIG. 3. Parameter space for partial coalescence, for a silicone oil droplet of ν
= 0.65 cSt and a large range of pool viscosities from 0.65 cSt to
20 × 106 cSt. The red squares indicate the first-stage pinch-offs, and the blue
circles indicate the second stage pinch-offs. The black triangles show full coales-
cence without the pinch-off of a satellite. The points to the right of the vertical dotted
line show the results for a super-hydrophilic solid surface, where the viscosity
would approach infinity.
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FIG. 4. The ratio between the daughter and mother drop Ds/Dm vs Ohd . Data for
drop diameters Dm = 0.55 mm, 1.0 mm, 1.4 mm, 1.6 mm, and 1.9 mm. The red
squares symbolize the first-stage partial coalescence, and the blue circles sym-
bolize the second-stage partial coalescence. The triangles show the results for
spreading on a hydrophilic solid surface.

a larger drop of D = 1.9 mm, we observe six steps in the cascade.
Similar pinch-offs continue to be observed when the pool liquid is
gradually made more viscous. However, for pool viscosities above
around 100 cSt, there is a transition to what has been called a second-
stage coalescence,17 where in essence the dynamics go through two
stages without intermediate pinch-off of the neck. This presents

FIG. 5. Characteristic partial coalescence time vs original drop diameter Dm, com-
pared to capillary-inertial scaling for both the first- and second-stage cases. Data
are shown for all substrate viscosities, while the drop viscosity is constant at 0.65
cSt.

the third possible outcome in addition to regular pinch-off and no
pinch-off.

Figure 3 shows the parameter space of coalescence outcomes
for various drop–pool combinations of miscible silicone oils. This
is constructed from experiments with five different drop diameters:
0.55 mm, 1.0 mm, 1.4 mm, 1.6 mm, and 1.9 mm while keeping the
drop kinematic viscosity constant at ν = 0.65 cSt. The x-axis indicates
the kinematic viscosity of the pool, which is systematically increased
from 0.65 cSt to 20 × 106 cSt. For the largest viscosities, the liquid
pool behaves like a solid, with minimal deformations. In addition,
we include the results for the actual super-hydrophilic solid on the
far right of the graph. The y-axis tracks the effective viscosity of the
drop, by the drop Ohnesorge number,

Ohd = μd√
σd Rd ρd

, (1)

FIG. 6. (a) Neck radius vs time, for a 0.65 cSt pendent drop coalescing with a
higher viscosity liquid pool or larger drop, as shown in the inset. (b) Prefactor in
the radial growth of the neck, according to Eq. (5). The vertical dashed blue line
marks the transition to the second-stage pinch-off.
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where μd is the dynamic viscosity of the drop liquid. R,
σd, and ρd are the drop radius, surface tension, and density,
respectively.

The observations show a systematic transition from the regu-
lar partial coalescence to the second-stage coalescence for pool vis-
cosities above ν ∼120 cSt. The transition occurs at slightly smaller
viscosities ∼50 cSt for the smallest drops, where Ohd > 0.006. Fur-
thermore, we see a no-pinch-off region near this boundary for the
smallest drops, i.e., the largest Ohd ≃ 0.009, which is still signifi-
cantly below the critical value for the same drop and pool, where Ohc
= 0.026 (see Ref. 4).

For the super-hydrophilic surface, we note the absence of the
first-stage pinch-off for the biggest drop D = 1.9 mm. This can
be explained by the drop being larger than the capillary length
of 1.46 mm, which causes some vertical squeezing of the sessile
drop.4,7 The intermediate three drop sizes show the regular first-
stage pinch-off on the solid surface, while the second-stage pinch-off
reappears for the smallest drop diameter. This is consistent with
similar spreading on strongly hydrophilic solid surfaces, where the
strength of the hydrophilicity can produce both outcomes.20–22

Figure 4 shows the normalized size of the daughter satellite
drop α = Ds/Dm. The satellite size reduces for larger mother drops,
i.e., smaller Ohd, while for smaller mother drops, which are less
deformed by gravity, the size-ratio approaches α ≈ 0.5. This is a
similar behavior, as was observed by Zhang et al.25

The second-stage pinch-off ejects much smaller daughter
droplets with α ≃ 0.10. This trend is quite similar to the results for
the second-stage pinch-off for the coalescence of two drops of dif-
ferent sizes,17 while here the values are even smaller than the value
of 0.18 observed in that study.

The timescale of each partial-coalescence step Tσ is character-
ized by the time duration from the first contact of the drop with the
pool to the pinch-off of the satellite. Figure 5 shows this timescale
vs the size of the mother drop. This scales with the capillary-inertial
time for the first stage, as shown previously,3

TσFirst = C
√
ρD3/σ, (2)

where the prefactor is here C = 0.47. This can also be used to predict
the duration for a second-stage pinch-off. We do this by adding the
first-stage duration with the same timescale for the size of a first-
stage satellite as

TσSecond = TσFirst + C
√
ρ(αD)3/σ, (3)

which gives a good fit to the blue data in Fig. 5.

DISCUSSION

The following question remains: why does higher pool viscosity
favor the second-stage partial coalescence, as revealed by the results
in Fig. 3?

One plausible mechanism that might influence the satellite
pinch-off is that perhaps the viscosity slows down the neck open-
ing during the coalescence, thereby reducing the amplitude of the
primary capillary wave that travels up the drop. This leads to the
following question: How does the increased viscosity in the pool
influence the opening speed of the radius of the neck? To study this,
we use the coalescence of a pendent drop, where the neck can be
more easily observed. Figure 6 shows the radius vs time for the entire

FIG. 7. Evolution of drop shapes during the coalescence of a 0.65 cSt, D ≃ 1.07 ± 0.02 mm droplet with low- and high-viscosity pools: (a) a 0.65 cSt pool vs (b) a 1 × 106 cSt
pool. In (a), for the first-stage pinch-off, the frames are shown at t/Tσ = 0, 0.19, 0.31, 0.38, 0.58, 0.69, 0.88, 1.08, 1.23, and 3.38, while in (b), we see a second-stage pinch-off,
shown at t/Tσ = 0, 0.024, 0.18, 0.35, 0.52, 0.73, 0.91, 1.05, 1.12, 1.20, 1.26, 1.30, 1.32, 1.35, 1.39, and 1.71. Here, we have normalized the time using the first-stage pinch-off
duration of Tσ = 3.71 ms from (a).
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range of pool viscosities, while the drop is kept at a low viscosity
of 0.65 cSt. It is known that the speed of coalescence, for identi-
cal liquids, is determined by both the viscosity and the local vertical
separation δ of the two surfaces,27,30,38

dR
dt
= C2

√
σd
ρd
(1
δ
− 1
R
). (4)

However, perhaps surprisingly, this opening speed is not reduced by
the extreme increase in viscosity of one of the two liquids. This was
already shown by Thoroddsen et al.28 using different water/glycerin
mixtures, but over a much smaller range of viscosities than stud-
ied herein. We have verified this for all our liquids. To be able to
adequately resolve the early coalescence motions, we form the vis-
cous bottom liquid into a slightly curved surface, like that of a very
large drop, as indicated in the inset of Fig. 6(a). We account for
the effects of the bottom curvature by normalizing by the effective
separation of the two surfaces, as a function of distance from the
centerline,27

δ(R) = δ1 + δ2 = Rt + Rb −
√

R2
t − R2 −

√
R2
b − R2,

where Rt and Rb are the radii of curvature of the top and bottom
surfaces. We include this effect, using an effective drop radius Re in
the normalization of the radius, using

1
Re
= 1
Rt

+
1
Rb

.

Figure 6 shows that the neck speed is rather independent of the bot-
tom viscosity, even over seven orders of magnitude. Following the
inertia-dominated scaling of Eggers, Lister, and Stone,38

R(t) = Cσ(σd Re

ρd
)

1/4
t1/2. (5)

Figure 6(b) indicates that there is no dominant change with pool
viscosity. This scaling was proposed for only the early stage of
the coalescence, and our fit is applied for radii less than half the
drop diameter. We obtain prefactors Cσ = 1.11 ± 0.179 over the
entire seven orders of magnitude in the pool viscosity. The pref-
actor is only slightly larger for the lowest pool viscosities νpool ≤ 5
cSt. The total variation in the observations is less than 16% from
the mean and shows no systematic difference during the transi-
tion of regimes from the first- to second-stage pinch-off in Fig. 3,
which is marked by the vertical blue line in Fig. 6(b). The spread in
the data is more affected by the size of the original contact, which
is not repeatable. We conclude that slowing of the neck speed, as
the pool viscosity increases, is not observed and, therefore, can-
not be a primary effect causing the transition to a second-stage
pinch-off.

The second possible explanation, for the transition to the
second-stage pinch-off, is the drainage of the drop into the pool,
which is clearly affected by the pool viscosity, with higher viscosity
preventing this drainage. In Fig. 7, we compare the drop surface-
shapes during the coalescence, as the pool viscosity is increased from
0.65 cSt to 1 × 106 cSt, which exhibits the transition from the first-
to second-stage pinch-off.17 Figure 8(a) tracks the apex height of
the drop with time, which does not show a clear transition between
the two pinch-off routes. Much clearer transition is observed in the

FIG. 8. (a) Height of the top of the drop. (b) Vertical location of the pinching neck

vs time normalized by the capillary-inertial time τ =
√

ρdR3
d/σ.

vertical location of the neck, as plotted in Fig. 8(b), which shows
clearly the control of the pool viscosity. While the initial height
grows in a similar way for all the viscosities, after about 0.4 capillary
times, the curves separate. When the liquid pool is of low viscosity,
we see that the drop continues to drain into the pool, as expected
for the case of identical liquids in the drop and pool. This drainage
pulls down the neck making it more slender, enabling the pinch-off.
On the other hand, for a large enough pool viscosity, this drainage is
reduced, stopping the downward motion of the neck. This, in turn,
enhances the axial curvature κx in the neck, which can overtake the
azimuthal curvature κθ = 1/R, thus preventing further necking and
pinch-off, when κx > κθ. In other words, the motion-driving capil-
lary pressure Δp = σ(κθ − κx) changes sign. This produces a reversal
and a growing neck, which leads to the second-stage pinch-off, as
sketched in Fig. 9.
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FIG. 9. Difference in the neck curvatures for first- and second-stage pinch-offs.
The red dashed curve indicates the neck axis of symmetry and the blue arc cor-
responds to the minimum neck radius. For the second-stage conditions, in the
bottom image, the neck radius is larger than the axial radius of curvature κ−1

x ,
leading to motion reversal and an increasing neck.

CONCLUSIONS

In this work, we have studied the partial coalescence of a drop
at a pool surface, when the viscosity of the pool is increased, while
the two liquids remain miscible. This bridges the boundary condi-
tions from the identical liquid in the drop and pool to a drop rapidly
spreading on a hydrophilic solid surface, both of which can pinch
off a satellite. We find that a satellite is pinched off for the entire
range of pool viscosities, spanning seven orders of magnitude. How-
ever, as the pool viscosity is increased above ∼200 cSt, we observe a
transition from first- to second-stage pinch-offs.

We study how the pool viscosity affects the growth rate of the
coalescing neck between the drop and pool, finding that the pool
viscosity does not significantly affect the radial spreading dynam-
ics, thereby not causing the transition to the second stage. On the
other hand, the increased viscosity prevents the drainage of the
drop liquid into the pool. For low viscosity, the drainage into
the pool moves the neck downward and makes it more slender to
allow pinch-off. Reduced drainage sharpens the axial curvature in
the neck preventing the first stage and promoting a second-stage
pinch-off.

The prominence of second-stage dynamics for the higher pool
viscosities will make it easier to systematically study this variant of
the partial coalescence, where much smaller daughter droplets are
pinched off.

SUPPLEMENTARY MATERIAL

See the supplementary material for a table listing the liquid
properties of the various silicone oils over a large range of viscosi-
ties.
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