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The breakup and coalescence of drops are elementary topological transitions in interfacial flows. The
breakup of a drop changes dramatically when polymers are added to the fluid. With the strong elongation of
the polymers during the process, long threads connecting the two droplets appear prior to their eventual
pinch-off. Here, we demonstrate how elasticity affects drop coalescence, the complement of the much
studied drop pinch-off. We reveal the emergence of an elastic singularity, characterized by a diverging
interface curvature at the point of coalescence. Intriguingly, while the polymers dictate the spatial features
of coalescence, they hardly affect the temporal evolution of the bridge. These results are explained using a
novel viscoelastic similarity analysis and are relevant for drops created in biofluids, coating sprays, and
inkjet printing.
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Viscoelastic liquids are materials that can flow like
ordinary liquids yet respond elastically when excited by
rapid deformations [1]. A prime example is provided by a
ball of Silly Putty: it bounces like a rubber ball but spreads
out like a viscous liquid when left at rest on a table.
Viscoelastic liquids are ubiquitous in biofluids and in
technologies such as coating, printing, and polymer
processing, and their flow poses many challenges. Of
particular interest is how viscoelastic liquids behave near
singularities [2] such as flows around sharp edges [3–5] or
bubble cusps [6–8] or during the breakup of drops [9–15].
These flows involve regions of extreme polymer stretching,
which is why, for example, fluids containing polymers can
produce long and stable threads during drop breakup [11]
[see Fig. 1(a)]. Liquid threads are indeed observed for
biofluids such as saliva, where they play a role in the
generation of aerosols [16].
In contrast to breakup (see [17–21]), few studies exist on

the coalescence dynamics of viscoelastic drops [22]
[Figs. 1(b) and 1(c)]. Previous works [23,24] exploring
the effects of viscoelasticity on drop coalescence have
focused on film drainage as the two drops come together
before coalescence. Here, our focus is on the merging after
initial contact between drops, which is mediated by the
growth of a bridge that typically grows as h ∼ tα, where h is
the bridge size and t the time after contact [25–36]. The
corresponding rate of deformation is estimated to diverge
as _h=h ∼ 1=t, and one thus anticipates a strongly elastic
response during the initial phase of coalescence, when the
flow timescale is much shorter than the relaxation time of
polymers in the fluid—much like in the case of bouncing
putty. It has thus far remained elusive how polymers and the
singularity at the moment of contact interact and how this
affects the merging process.

In this Letter, we resolve the coalescence dynamics of
viscoelastic liquids by experiments on aqueous polymer
solutions of varying concentration. We consider the coa-
lescence of both freely suspended drops and of drops in
contact with a substrate, cf. Fig. 2. For both cases, it is
found that polymer stress dramatically changes the spatial
structure of the bridge, as evident in Figs. 1(b) and 1(c).
Yet, surprisingly, the temporal growth of the bridge is only
mildly affected by the polymers. These features are
explained and quantified by a similarity theory for sessile
drops, revealing that viscoelastic coalescence is very
different in nature compared to pinch-off.
Experimental procedure.—Coalescence experiments

were performed using viscoelastic solutions of polyethyl-
ene oxide (PEO, MW ¼ 4.0 × 106 g=mol, Sigma-Aldrich)

FIG. 1. Pinching and merging of viscoelastic polymer solu-
tions. (a) Pinch-off of a 2.0 wt% PEO drop gives rise to elongated
threads. Coalescence of (b) pure water drops, and (c) 2.0 wt%
PEO drops. Polymer stretching inside the bridge markedly
enhances the curvature of the connecting bridge. Scale bars
indicate 500 μm.

PHYSICAL REVIEW LETTERS 128, 028004 (2022)
Editors' Suggestion

0031-9007=22=128(2)=028004(6) 028004-1 © 2022 American Physical Society

https://orcid.org/0000-0002-4890-6835
https://orcid.org/0000-0002-6229-8012
https://orcid.org/0000-0002-8562-3420
https://orcid.org/0000-0002-9686-1774
https://orcid.org/0000-0001-5153-4422
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.128.028004&domain=pdf&date_stamp=2022-01-13
https://doi.org/10.1103/PhysRevLett.128.028004
https://doi.org/10.1103/PhysRevLett.128.028004
https://doi.org/10.1103/PhysRevLett.128.028004
https://doi.org/10.1103/PhysRevLett.128.028004


in water (MilliQ, Millipore Corporation) at controlled
temperature (20 °C). The solution concentration is varied
from 0.01 to 2.0 wt% across c� ≈ 0.1–1 wt%, the threshold
over which polymer coils start to overlap (see the
Supplemental Material (SM) [37]). Each solution was
mixed with a magnetic stirrer for at least 24 hours and
degassed to get rid of air bubbles. While drop breakup is
modified already for minute addition of polymer [13,15],
elastic effects in coalescence require very high concen-
trations—up to 1.0 wt% and 2.0 wt%. We measured the
shear viscosities (η) of the solutions using a rheometer
(MCR 502 with CP50-1, Anton Paar) and the relaxation
times (λ) using extensional thinning in a pendant drop
geometry [11] [e.g., Fig. 1(a)] at 20 °C. Calibrations are
provided in the SM [37]. A ratio of timescales related to
the material properties of the system can be defined as
the material Deborah number Dem ¼ λ=τ, where τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

ρR3=γ
p

≈ 5.8 ms is the inertio-capillary timescale based
on the liquid density ρ, drop size R, and surface tension γ.
In our experiments, Dem ranges from 0.08 to 10. We note,
however, that the relevant deformation rate during the early
stages of coalescence scales as 1=t, so that a more
significant ratio is the “local instantaneous Deborah num-
ber” λ=t, which reaches values ranging from 102 up to 104

at the smallest timescale that we can experimentally resolve

when increasing the polymer concentration from
0.01 to 2.0 wt%. A strong polymer stretching and elastic
effect is, therefore, anticipated during the early stages of
coalescence.
Typical snapshots of coalescence experiments are shown

in Fig. 2 for “spherical” and “sessile” geometries. In both
cases, two symmetrical drops are dispensed from two
identical needles using a two-channel syringe pump
(PHD 2000, Harvard Apparatus), pumping at a rate
< 0.1 μL=min. The two needles are about 2.5 mm apart,
which produces spherical drops with radius R ≈ 1.3 mm, or
spherical caps with base radius R ≈ 1.2 mm when the
substrate is placed at a distance 0.5 mm below the needles.
Deformations induced by the needle are local, so that the
regions of coalescence can be treated as spherical or
spherical caps. The drops are brought in contact by very
slowly increasing the drop volume, such that the approach
velocity (in present experiments, 3 orders smaller than
typical bridge velocity) can be neglected [35]. The coa-
lescence dynamics is recorded by a high speed camera
(Nova S12, Photron, with 12× zoom lens, Navitar),
allowing for frame rates ranging from 100 to 200 kfps,
resulting in spatial resolution of typically 1 μm=pixel. For
sessile drops, we use glass substrates (Menzel-Gläser) that
are made hydrophobic, and we use data with contact angles
45° ≤ θ ≤ 55°. We focus on the spatiotemporal evolution of
the bridge shape hðx; tÞ, defined in Fig. 2 relative to the
substrate position, or to the drops’ horizontal axis of
symmetry, known with a maximum uncertainty of 2 μm
and marked as white dotted lines. The profiles are extracted
using a custom subpixel interface tracking code. Finding
the initial time of coalescence from direct imaging is
challenging yet important to determine the coalescence
exponent α. Here, t ¼ 0 is determined by extrapolating a
power law: h0 ∝ tα, cf. SM [37].
Time.—The temporal evolution of the bridge growth is

only mildly affected by the presence of polymers. This is
evident from the data in Fig. 3. In panel (a), we show the
growth of the minimal bridge radius h0ðtÞ for spherical
drops over the full range of polymer concentrations. The
data nearly fall on top of one another and closely follow the
dynamics of pure water (included as dark blue symbols). A
weak trend is observed with increasing polymer concen-
tration, leading to slightly slower dynamics. Importantly,
however, the exact same power-law growth h0 ∝ tα is found
for all concentrations. The fitted values of α, the coales-
cence exponent, are shown in panel (b): all polymer
concentrations—below and above the overlap concentra-
tion c�—are consistent with α ≈ 1=2, which is the exponent
for Newtonian inertial coalescence of low-viscosity spheri-
cal drops [31,33,40,41]. PEO solutions behave very differ-
ently from Newtonian drops of comparable shear viscosity
(where α makes a gradual transition from 1=2 to 1 as
viscosity increases; see the SM [37] and, e.g., [33,41]).

(a) (b)

FIG. 2. Coalescence of viscoelastic drops (PEO solution with
concentration 1.0 wt% in two sister geometries: (a) “spherical,”
consisting of two freely suspended drops (slightly elongated
owing to gravity), and (b) “sessile,” consisting of drops on a
substrate. The three snapshots show a close-up of the bridge at
three different times. The central bridge height h0ðtÞ is defined
with respect to the white dashed lines, indicating (a) r ¼ 0,
and (b) y ¼ 0.
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Hence, the relevant comparison is to low-viscosity
coalescence.
A similar behavior is observed for sessile drops

[Figs. 3(c) and 3(d)]. The data in panel (c) appear more
scattered, which we attribute to the “wetting” nature of
these experiments, for it is known that the variability of the
contact angle at the moment of coalescence affects the
prefactor of the power-law growth [32,34]. Once again,
however, the coalescence exponent is close to that of pure
water, which for sessile drops is α ¼ 2=3 [35]. Only the
highest concentration (for which it can be noted that
c > c�) exhibits a true departure from 2=3, giving a lower
exponent. Importantly, however, up to concentrations of
1 wt%, there is no measurable effect of polymers on the
coalescence exponent. We recall that a minute amount of
polymer (down to 0.001 wt%) [15] is already sufficient to
dramatically change the breakup of drops from algebraic to
exponential thinning. It is therefore truly remarkable that
the coalescence exponent is completely unaffected by the
presence of polymers at such high concentrations.
Space.—Polymer stretching fundamentally alters the

stress singularity during coalescence and changes the
spatial structure of the bridge. Indeed, one observes a dra-
matic difference in bridge curvature in Figs. 1(b) and 1(c) in
a narrow region around the drops’ first point of contact. The
increase in curvature can be linked to the stretching of the

polymers in the narrow region via Laplace’s law of
capillarity [42]. Namely, the stress inside the liquid
(measured with respect to the atmospheric pressure) is
proportional to the interface curvature. The enhanced
curvature observed during the coalescence of PEO solu-
tions is therefore due to strong polymer stresses.
This polymer stretching in fact leads to a breakdown of

the self-similarity observed for the coalescence of pure
water drops. Figure 4 shows bridge profiles hðx; tÞ at
various times, scaled according to the Newtonian similarity
solutions. The spherical and sessile cases have the same
vertical scaling h=h0 but call for a different scaling of the
horizontal position, respectively, as xR=h20 for spherical
drops of radius R and as x tan θ=h0 for sessile drops with
contact angle θ [35].
Figures 4(a) and 4(c) correspond to the reference cases of

pure water. The scaled profiles exhibit a collapse, revealing
the self-similar nature of Newtonian coalescence. We
remark that the collapse is over a smaller range for spherical
than for sessile drops; the rescaling ∼1=h20 for the spherical
case amplifies the noise on the measured profiles. Panels
(b),(d) report the corresponding data for PEO solutions,
scaled in this Newtonian way. The selected data correspond
to the highest concentrations for which we still observed
the Newtonian coalescence exponents (2.0 wt% for the
spherical and 1.0 wt% for the sessile case; see Figs. 3(b)
and 3(d); for completeness, results for other concentra-
tions are reported in the SM [37]). The coalescence
profiles for PEO no longer collapse with these scalings.

(a) (b)

(c) (d)

FIG. 3. Temporal coalescence dynamics. (a) Minimum bridge
radius h0 as a function of time for spherical drop coalescence, and
the (b) fitted exponent α extracted from h0 ∝ tα; the dashed line
indicates α ¼ 1=2. (c) Minimum bridge height h0 as a function of
time for sessile drop coalescence (45° ≤ θ ≤ 55°) and the
associated (d) fitted exponent α; the dashed line indicates
α ¼ 2=3. The error bars on α arise from a combination of the
uncertainty in determining t ¼ 0 and averaging different experi-
ments with the same liquid.

(a) (b)

(c) (d)

FIG. 4. Spatial coalescence dynamics for spherical drops (a),(b)
and sessile drops (c),(d). Bridge profiles at different times are
rescaled according to the Newtonian scaling laws. For pure water,
the rescaled bridge profiles collapse (a),(c). A breakdown of this
Newtonian self-similarity is found for PEO solutions (b),(d).
(Spherical: 2 wt% PEO, t=λ ¼ 0.003 → 0.03, sessile: 1 wt%
PEO, t=λ ¼ 0.004 → 0.25).
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The breakdown ofNewtonian self-similarity emphasizes the
importance of polymeric stresses, which we now elucidate.
Viscoelastic singularity.—An explicit analysis of the

elastic singularity can be performed for sessile drops, where
the geometry near coalescence is that of a wedge with angle
θ, as sketched in Fig. 5(a), and the ensuing flow structure is
considerably simple [32,34,35]. The wedge geometry near
the point of coalescence has only a single length scale h0
and is more amenable to analytical treatment than a
spherical one, which involves a distinct, horizontal scale
h20=R. The wedge geometry allows for a slender analysis for
small θ, which is a further simplification for the present
purpose of scaling analysis.
We start by noting that at the center of the bridge (x ¼ 0),

the flow is nearly purely extensional in the vertical
direction, with an extensional rate _h=h ∼ 1=t, since a
power-law dynamics is observed, that is very large at early
times. The stress at x ¼ 0 at early times, thus, reads

σ ∼ η̄∞
_h0
h0

∼
η̄∞
t
; ð1Þ

where η̄∞ is the extensional viscosity at high rates [43,44].
At such high stresses, nonlinear polymer relaxation
becomes important and can be captured by constitutive
relations such as the FENE-P or the Giesekus model [43].
The amount of stretching will be much less pronounced

away from x ¼ 0 [cf. Fig. 5(a)], and we wish to identify the

characteristic distance l over which the singular polymer
stress, Eq. (1), decays. The central region of high polymer
stretching is bordered by a region where polymer relaxation
is negligible for t=λ ≪ 1. This is a purely elastic region,
where the polymer stretch can be found kinematically from
the flow field [14]. Specifically, this involves comparing the
height near x ¼ 0 to the original height θx prior to
deformation. For small angles, the resulting polymer stress
reads (cf. SM [37])

σ ∼
Gh0
θx

; for t ≪ λ; ð2Þ

where the appearance of G, the elastic modulus of the
medium, underlines the purely elastic nature. The extent
x ≈ l of the central bridge region can be found by matching
the stresses written in Eqs. (1) and (2). This gives

Gh0t
θη̄∞

∼
h0t
θλ

≡ l; ð3Þ

where we have used η̄∞=G ∼ λ to express the result in terms
of the calibrated relaxation time. We note here that l is
much smaller, by a factor t=λ, than the horizontal coale-
scence scale h0=θ for pure water.
Viscoelastic self-similarity.—The emergence of length

scale l explains the breakdown of the self-similarity in
Fig. 4 and provides a new horizontal scale for viscoelastic
coalescence. However, we still need to identify the appro-
priate vertical scale. This is done by balancing the polymer
stress η̄∞=t to the capillary pressure γh00 in the bridge
region, which leads us to

hðx; tÞ − h0 ∼
th20G
λγ

HðξÞ; with ξ ¼ x
l
: ð4Þ

To obtain this relation, we have used hð0; tÞ ¼ h0ðtÞ, which
is the minimum bridge height. Indeed, on differentiation of
Eq. (4) twice with respect to x, using the definition of l
from Eq. (3), we recover the aforementioned scaling
γh00 ∼ η̄∞=t. This predicts a new self-similar regime where
the bridge is described by a universal shape Hðx=lÞ.
To test these scaling predictions, we accordingly rescale

the experimental data. Figure 5(b) shows the result for the
1.0 wt% solution [same data as in Fig. 4(d)]. The data now
exhibit a very good collapse, which validates the emer-
gence of the new, viscoelastic, self-similarity. We also
compare the results from different polymer concentrations
in Fig. 5(c), each taken at a dimensionless time t=λ ≈ 0.25
(arbitrarily chosen, while keeping experimental resolution
in mind). Since Gλ=η̄∞ in Eq. (4) is expected to vary with
polymer concentration, the scaling of vertical axis involves
an adjustable parameter (reported in [37]), while the
horizontal scale l is left parameter-free. An excellent
collapse can indeed be obtained, as seen in Fig. 5(c).

(a)

(b) (c)

FIG. 5. Self-similarity of sessile viscoelastic coalescence.
(a) Schematic of the elastic singularity in wedge coalescence
due to polymer stretching in the vertical direction. The singular
polymer stress (red line) decays over a characteristic distance l
that is small compared to the bridge width. (b),(c) Bridge profiles
scaled according to the viscoelastic self-similar prediction,
Eq. (4), for (b) different times (PEO 1.0 wt%) and (c) different
PEO concentrations at t=λ ≈ 0.25 (profiles symmetrized by
averaging left-right). The data collapse on top of each other.
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Discussion.—Elasticity affects droplet coalescence in a
remarkable fashion. While the spatial structure of the
bridge is affected in a fundamental way, with sharp bridge
profiles induced by polymer stretching, the temporal
coalescence exponent remains unaffected. This second
feature can be rationalized from our similarity analysis
for sessile drops. The polymer stress in coalescence
remains confined to a very narrow region, whose size
depends on the “local instantaneous Deborah number” λ=t.
This narrow region turns out insufficient to alter the inertio-
capillary coalescence exponent. This scenario is markedly
different from droplet breakup for which polymer elasticity
acts everywhere along the elongated filament. In breakup,
the effective local Deborah number (relaxation time times
the elongation rate) approaches a constant value along the
entire thread [13] and therefore is able to dictate the
temporal evolution.
As a future perspective, the next step would be to

identify the structure in spherical drop coalescence. The
spherical case is more intricate as it lacks a slender limit
and, as is already the case for Newtonian liquids, it involves
two length scales. It would be of interest to numerically
investigate the initial phase of coalescence using different
types of constitutive relations and different coalescence
geometries. Our experiments, however, show that the
scenario for sessile and spherical drops is qualitatively
similar. These findings will be important for a plethora of
applications involving merging of polymeric drops.
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