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ABSTRACT

Coalescence of two droplets on a solid substrate is an interfacial phenomenon that imposes the challenges of capturing the complex contact
line motion and energy interaction between the solid–liquid interface. Recent investigations on the coalescence of polymeric droplets on a
solid substrate have reported strong disagreements; the heart of the issue is whether coalescence of polymeric drops is similar to that of
Newtonian fluid and is independent of molecular relaxation, or whether the role of entanglement of polymeric chains leads to a transition
kinetics different from that of Newtonian fluid. Via this article, we resolve the disagreements through a discussion on the effects of merging
method on the dominant forces governing the coalescence process, i.e., inertia, dissipation, and relaxation. In this regard, two methods of
merging have been identified, namely, the droplet spreading method and the volume filling method. Our study unveils that the coalescence
dynamics of polymeric drops is not universal and, in fact, is contingent of the method by which the coalescence is triggered. Additionally, we
demonstrate the spatial features of the bridge at different time instants by a similarity analysis. We also theoretically obtain a universal bridge
profile by employing the similarity parameter in a modified thin film lubrication equation for polymeric fluids.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0112846

I. INTRODUCTION

Coalescence of droplets on a solid surface, also known as sessile–
sessile coalescence, is key to a number of commercial applications,
including mixing of reagents in microfluidics system,1 inkjet print-
ing,2,3 electronic packaging,4 and rapid prototyping.5 It involves an
initial rapid growth of meniscus bridge, followed by a slow rearrange-
ment of the droplets shape from elliptical to spherical cap at longer
times. The presence of solid substrate in such configurations slows
down the liquid transport toward the bridge. Once the initial contact
is developed between the droplets, the droplet contour is described by
the evolution of bridge height, hb, perpendicular to the substrate and
bridge width, rm, parallel to the substrate. In the case of Newtonian flu-
ids, potential technological interest has driven a lot of effort in investi-
gating the effects of surface wettability,6–8 surface deformity,9

viscosity,10,11 droplet size,12,13 and contact angle hysteresis14,15 on the
growth of meniscus bridge at both initial and later stages of the coales-
cence. In particular, Narhe et al.16 proposed a scaling of hb � t and
rm � t1=2 for initial stages of coalescence, where the capillary number
(Ca) was greater than 0.2. Ristenpart et al.17 also reported an exponent
of 1/2 for the growth of the meniscus bridge width on a highly wettable
surface. A deviation from the proposed scale of t1=2 was observed by
Lee et al.18 at higher contact angles ranging from 10� to 56�. However,
they identified a power law exponent for the bridge height that ranged
between 0.5 and 0.86 and increased with increase in contact angle

from 10� to 56�. Hern�andez-S�anchez et al.19 revealed that the bridge
height grew linearly with time and evolved with a self-similar dynam-
ics. In addition to the slow viscous regime discussed so far, the bridge
height was observed to grow with a universal exponent of 2/3 for con-
tact angle below 90� and an exponent of 1/2 for the contact angle of
90� in the inertial regime.20–22

In contrast to Newtonian droplets discussed above, the coales-
cence of rheologically complex fluids rather remains obscure despite
its wide application in droplet 3D printing,23,24 emulsions,25–27 and
microfluidics.28 Varma et al.29 highlighted the importance of viscoelas-
ticity viscoelasticty and relaxation time on coalescence of polymeric
droplets in a pendant-sessile configuration. A scale of r � t0:36 was
reported for neck growth, which is a significant deviation from r � t
and r � t1=2 observed for Newtonian droplets30–32 in the viscous and
inertial regimes, respectively. However, at very high concentrations,
Varma et al.33 showed a continuous decrease in power law exponent
from 0.36. This is further supported qualitatively by a numerical study
on polymers and microgels by Chen et al.34 Even a separate study for
coalescence of polymeric droplet in sessile–sessile configuration by
Varma et al.35 reported a decrease in exponent from 2/3 in the inertial
regime to 1/2 in the viscoelastic regime. Correspondingly, a recent
numerical study by Chen et al.36 investigating coalescence of non-
elastic, shear-thinning fluid highlighted a strong relation between
power law rheology and scaling exponent at the onset of coalescence.
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In this regard, it is worth keeping in mind that macromolecular fluids
often exhibit strong shear thinning characteristics as well. In contrast,
experimental assessment by Dekkar et al.37 highlighted that the pres-
ence of polymers causes negligible effect on the temporal evolution of
bridge height. This was supported by the observation that a wide range
of polymeric concentrations reported a universal power law exponent
of 2/3, which is similar to that of de-ionized (DI) water. This lack of
consensus regarding the effect of polymer on droplet coalescence is
perplexing. In general, the kinematics of coalescence and pinching are
not disparate; in fact, Fardin et al.38 revealed the shared and universal
features of these flows by showing an excellent collapse of experimen-
tal data pertaining to pinching, spreading and coalescence of
Newtonian fluids into a universal scale. Interestingly, it is well promul-
gated that even a minute addition of polymer drastically alters the
breakup dynamics of droplets39,40 by inhibiting pinch off. In this
regard, the conclusion by Dekker et al.37 that droplet coalescence is
independent of complex fluid rheology seems counterintuitive and
demands further exploration.

A closer look reveals that the experimental methods adopted by
Varma et al.35 and Dekker et al.37 are different. Varma et al.35 devel-
oped the initial contact by creating two pendant droplets of constant
volume very close to each other, such that once the drops touched the
substrate, they spread to achieve thermodynamic equilibrium.
Spreading droplets can create a liquid bridge, as shown in Fig. 1(a).
Such coalescence mimics the scenario encountered in ink-jet printed
liquid lines and electronic packaging, which require accurate place-
ment of pendant polymeric droplets, so that they spread and merge
after impacting the substrate.41 In the present text, this method is
referred to as Droplet Spreading Method (DSM). In a different method
as adopted by Dekkar et al.,37 two adjacent droplets are grown simulta-
neously by increasing the volume until the edges contact and coales-
cence take place. Such phenomenon is analogous to coalescence due to
condensation.42 This method of merging is referred to as Volume
Filling Method (VFM) and is represented in Fig. 1(b). The influence of

the two methods of spreading on bridge evolution of Newtonian drops
has been demonstrated by Sellier and Trelluyer43 through numerical
modeling and experimental investigation. The neck growth predicted
by experiment was observed to be two to three times larger than that
of the numerical model. The difference was attributed to the type of
merging mechanism; while the merging was due to surface tension
induced by capillarity in the numerical simulation, it was induced by
volume growth in the experiment. Thus, it can be interpreted that the
solid–liquid interface interaction is relatively weaker in VFM as com-
pared to DSM.

Available information in literature shows that the effects of merg-
ing process on sessile–sessile coalescence of polymeric drops are yet to
be addressed. Typically, the competition among inertia, dissipation,
and relaxation leads to the appearance of various coalescence regimes.
Our study reveals that a change in the experimental technique may
alter the inter-play of the dominant forces and, subsequently, result in
an additional regime of coalescence; in essence, the method of trigger-
ing the coalescence process can bias the experimental results. In addi-
tion, by introducing appropriate scaling parameters, we obtain a
representative universal shape of the bridge near the meniscus in the
power law regime. Furthermore, we attempt to theoretically demon-
strate the universal shape of the bridge by employing the similarity
parameter in a modified thin film lubrication equation that describes
the effect of polymers at the interface of solid and liquid in the semi-
dilute entanglement regime. We believe that the present study will
complement the work on coalescence by spontaneous spreading35 and
make the overall research on sessile–sessile coalescence of polymeric
drops more complete and comprehensive.

II. MATERIALS AND METHODS
A. Materials

Polyethylene oxide (PEO) of varying concentrations is chosen as
the representative polymeric fluid, and the coalescence is carried out
on an aluminum substrate. Consistent with Varma et al.,35 we prepare

FIG. 1. Merging of two droplets on sub-
strate by (a) depositing fixed volume drop-
lets and allowing them to spread with time
to < t1 < t2 to achieve coalescence with
an initial contact at to ¼ t2 (DSM), (b)
continuous pumping of droplets with time
to < t1 < t2 till the instance of coales-
cence at to ¼ t2 (VFM). Bold blue arrows
represent the fluid influx, while bold black
arrows represent the spreading of the
droplet.
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ten solutions of concentrations c (w/v) 0.01%, 0.02%, 0.05%, 0.061%,
0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and 0.6% by dissolving PEO with
molecular weight Mw ¼ 5� 106 g/mol (Sigma-Aldrich) in de-ionized
(DI) water. In addition, we prepare another four solutions of suffi-
ciently high concentrations 1.0%, 1.5%, 1.75%, and 2.0% having the
same molecular weight. The homogeneity of the solutions is ensured
by stirring them at 300 rotations per minute for at least 24 h. The cho-
sen concentrations belong to the dilute (c=c� < 1), semi-dilute unen-
tangled (1 < c=c� < ce=c�), and semi-dilute entangled (c=c� > ce=c�)
regime, where c� is the critical concentration and ce is the entangle-
ment concentration.

Measurement of surface tension, r, by the pendant drop method
using optical contact angle measuring and contour analysis systems
(OCA25) instruments from Dataphysics yields surface tension values
of 0:0636 0:02 N=m for all concentration ratios ðc=c�Þ. Density of
the solutions obtained by measurement of mass and volume falls in
the range of 10006 50 kg=m3. Hence, a constant density of
1000 kg=m3 has been assumed for all the polymeric solutions.

To achieve coalescence by VFM, a substrate with higher contact
angle is desirable, as it resists spontaneous spreading. Hence, alumi-
num substrate [RS Components & Controls (India) Ltd.] of dimension
80� 30� 1:25 mm3 is used in the present case, as it displays a high
contact angle. Similarly, to achieve coalescence by DSM, a glass sub-
strate (Blue Star, India) of dimensions 75� 25� 1:45 mm3 is used.
Substrates are first cleaned with detergent and then sonicated with ace-
tone and water for 20min each. Subsequently, they are placed in the
oven at 95 �C for 30min. Droplet geometry measured using the
ImageJ DropSnake toolbox shows that a contact angle of 72�6 3� and
overall contact length of 2R0 � 36 0:25 mm are maintained for all
concentrations of PEO solution in VFM.

B. Experimental setup

A fixture having a hollow cylinder with a 45� tilted axis is 3D
printed for holding the needles. The needles are inserted through top
of the fixture as shown in Fig. 2. Two symmetric drops are grown at
the tip of two flat Nordson needles with 0.41mm inner and 0.71mm
outer diameter. The tip of the needles coming out from the other end
is separated by a distance of l � 2 mm. Initial distance between the
needle tip and substrate is kept at 0.55mm. Once the droplets reach a
volume �3 ll, they touch the substrate. The substrate is further low-
ered very slowly by a distance of 0.85mm to ensure that the meniscus
connecting the needles to the droplet does not affect the merging

process. Finally, coalescence is achieved by quasi-statically advancing
the contact lines toward each other due to continuous injection pump-
ing. A small pumping rate of 2 ll=min throughout the process ensures
that the droplets are in their equilibrium shape at all time. The liquid
supply is stopped as soon as the drops come in contact with each
other, and the dispensed volume is noted. Moreover, additional experi-
ments are also conducted for c=c�¼16, 25, 29, and 33 for DSM, follow-
ing the experimental method of Varma et al.35 A 45W LED light
source (Nila Zaila, USA) at 100% output is used for backlight diffusive
illumination of the region of coalescence. A Photron Fast-cam mini
AX-100 high speed camera coupled with a Navitar 6.5� zoom lens
records the whole process at 60 000 frames per second and 1/100 000 s
shutter speed. The shape and evolution of the interface are tracked
using a sub-pixel based edge detection algorithm in MATLAB. At first,
the images are binarized using an appropriate threshold pixel intensity
to get rid of the background disturbances. The coordinate of the col-
umn at the contact point of two drops represents the position of the
bridge. By tracking the pixel intensities along the column, the row
where the pixel intensity falls below the set threshold pixel value is
noted. The coordinate values, thus, obtained are utilized to get the sur-
rounding gray intensities in original frame. A pixel weighted average
method is implemented to obtain the sub pixel coordinates of the
bridge. These coordinates are finally subtracted from the substrate
coordinates to obtain the bridge height. The process is repeated for
each frame to extract the evolution of the bridge height with time.
Similarly, the evolution of the bridge profile h(x, t) in the proximity of
hb is obtained by tracking 15 columns on either side of hb using the
same procedure for each frame.

III. RHEOLOGY: CRITICAL CONCENTRATION
AND RELAXATION TIME

The critical concentration, c�, and entanglement concentration,
ce, of the PEO solutions are represented by c� ¼ 1=½g� and ce � 6c�,44

respectively, where the intrinsic viscosity ½g� is obtained from
Mark–Houwink–Sakurada correlation45 ½g� ¼ 0:072M0:65

w . For molec-
ular weight Mw ¼ 5� 106 g/mol, a critical concentration value of
c� ¼ 0:061% (w/v) and entanglement concentration of ce ¼ 0:366%
(w/v) are, thus, obtained. The relaxation time, k, in the dilute regime is
estimated using the Zimmmodel,46

kz ¼ K
g½ �Mwgs
NAkBT

; (1)

where kz is the Zimm relaxation time, K is a pre-factor that depends
on solvent quality and is of Oð1Þ, gs is the solvent viscosity, kB is the
Boltzmann constant, NA is the Avogadro number, T is the absolute
temperature, a is the exponent of Mark–Houwink–Sakurada correla-
tion, and � is the fractal polymer dimension obtained from
a ¼ 3� � 1. The relaxation time in semi-dilute unentangled and semi-
dilute entangled regimes is represented by kSUE and kSE, respectively,

and is calculated using the correlations kSUE ¼ kz c
c�
� �2�3�

3��1 and

kSE ¼ kz c
c�
� �3�3�

3��1,47–49 respectively. The relaxation times and concentra-
tion ratios, c=c�, corresponding to the chosen concentrations in the
study are listed in Table I. Zero shear viscosity, go, of the solutions
given in Table I is obtained from Varma et al.35 for c 	 0:6% (w/v)
and from Varma et al.33 for c > 0:6% (w/v). For completeness, the

FIG. 2. Schematic of the front view of the experimental setup (SP1 and SP2 are
syringe pumps) for VFM, with l representing the gap between the needles.
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variation of viscosity, g, with a shear rate, _c, for all the concentrations,
is shown in Fig. S3.

IV. RESULTS AND DISCUSSION

The initial contact between droplets is obtained by quasi-
statically increasing the droplet volumes at a pumping rate of 2ll/min.
At the beginning of the coalescence, a tiny liquid bridge develops at
the point of contact between the droplets. The large curvature of the
bridge results in fluid flow from the close neighborhood toward
the bridge region due to capillary action. This fluid flux may disturb
the equilibrium at the pinned ends at intermediate stage of coalescence
when the bridge relaxes, causing a change in contact angle. However,
the time taken for the disturbance to reach the pinned end is much
higher than the time scale of interest for the present case. Hence, the
contact angle is considered to be constant for all practical purposes.

Figure 3(a) shows the schematic of the drop coalescence, where
2R0 � 36 0.25mm represents the contact length and h � 72�63�

represents the contact angle. Evolution of the liquid bridge during the
coalescence of two PEO droplets with concentration ratio c=c� ¼ 8:2
obtained by VFM and DSM is shown in Figs. 3(b) (Multimedia view)
and 3(c), respectively, at different instants of time.

Figures 4(a) and 4(b) show the temporal evolution of the bridge
height hb ¼ hð0; tÞ obtained by VFM and DSM, respectively, for the
complete range of c=c�. The bridge height values are the average of
five trials conducted for each solution. The experiments are extremely
repeatable, and the error in measurement is limited to 65%. The
region of interest (ROI) is considered in such a way that it corresponds
to the linear portion of the initial neck growth. As can be seen in
Figs. 4(a) and 4(b), a slight shift in the ROI toward left or right for
c=c� 	 9:8 will not affect the power law exponent. However, to make
it consistent across various concentration ratios, we have fixed the ROI
as shown in Figs. 4(a) and 4(b). For c=c� > 9:8 in Fig. 4(a), there exists
more than one power law behavior, but our study focuses only on the
initial regime. It can be observed that the regions of interest (ROI) cor-
responding to the early power law regime is at relatively smaller times

scales for VFM as compared to DSM for the same polymer concentra-
tion ratios. In the case of VFM, Fig. 4(a) shows that the exponent b of
the power law growth registers a constant value of 2/3 for c=c� 	 9:8,
beyond which it continuously reduces with increase in c=c�. For the
considered range of c=c�, b does not seem to achieve any stable value.
On the other hand, when coalescence is triggered by droplet spreading
[Fig. 4(b)], the presence of polymer clearly affects the growth of the
meniscus bridge even at small polymer concentrations (c=c� < 1).
This is highlighted by a reduction in the exponent of growth from 2/3
for c=c� < 1 to a constant value of 1/2 for c=c� > 1. Correspondingly,
the exponent b deduced by fitting the power law curve hb � tb is
shown in Figs. 4(c) and 4(d) for VFM and DSM, respectively. A larger

TABLE I. Rheological properties of the solutions.

c (%w/v) Concentration ratio (c=c�) go (mPa s) k (ms)

0 
 
 
 1 DI water
0.01 0.16 1.3 1.5
0.02 0.32 1.5 1.5
0.05 0.82 2 1.5
0.061 1 3 1.5
0.1 1.6 6 2
0.2 3.9 18 2.7
0.3 5 46 3.5
0.4 6.5 60 74
0.5 8.2 200 115
0.6 9.8 500 160
1.0 16 4.5 500
1.5 25 20 670
1.75 29 40 1325
2.0 33 55 1350

FIG. 3. (a) Schematic of the coalescence representing the geometric parameters
and contact angle h for VFM. Snapshots showing the bridge evolution of 0.5%
(w/v) concentration (c=c� ¼ 8.2) of PEO at different instants of time by (b) VFM
and (c) DSM. Multimedia view: https://doi.org/10.1063/5.0112846.1
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power law exponent necessarily implies a faster coalescence process.
As a result, it can be said that VFM leads to a faster coalescence as
compared to DSM until the exponents become equal at c=c� � 25.
Beyond c=c� � 25, a further drop in exponent is seen for VFM with
increase c=c�, implicating that the process eventually become slower
than DSM. The apparent contrast in the flow kinetics for the two
methods suggests that the effect of polymers on coalescence is strongly
influenced by the experimental method. A qualitative discussion on
the behavior of polymer chains subjected to the two methods throws
some light on the associated disparity. When the droplets are maneu-
vered toward each other by spontaneous spreading through DSM, the
polymeric chains get elongated along the solid–liquid interface due to
the induced shear rate and attain an unrelaxed state. As polymeric
concentration increases, these unrelaxed polymer chains offer stronger
resistance to the growth of the bridge in the normal direction to sol-
id–liquid interface, which results in a decrease in the growth exponent,
as observed in the case of Varma et al.35 However, in the present case
of VFM, where the droplets approach each other due to continuous
influx of liquid by pumping, the polymeric chains do not undergo
enough elongation and mostly remain relaxed. Subsequently, the resis-
tance offered by the polymeric chains to the initial bridge growth is rel-
atively weak. Moreover, the effect of inertial forces induced by
continuous pumping in VFM also needs to be considered. Notably,
Dekker et al.37 also observed a continuous reduction in exponent b
with c=c� at higher values of c=c� but contributed the same to error
arising from determining the initial point of coalescence. However, in
addition to the qualitative explanation provided above, we address this
phenomenon by identifying the dominance of the underlying forces
through two time averaged non-dimensional numbers—Reynolds
number, Re ¼ hquclc=goi, and the Weissenberg number,
Wi ¼ hkuc=lci, where go is the zero shear viscosity, uc � @hb=@t is

the characteristic velocity scale, and lc � hb is the characteristic length
scale. We wish to point out that here Re and Wi are only evaluated
within ROI window and not across the experimental time domain.
Here, uclc in Re and uc=lc in Wi have a weak dependence on time.
This suggests that the OðReÞ and OðWiÞ remain almost same in the
ROI. Hence, the time averaged Re and Wi can be considered to be a
fair representation of the instantaneous Re andWi.

Figures 5(a) and 5(b) show a comparison between Re andWi val-
ues obtained by the present VFM method and that obtained via DSM
by Varma et al.,35 respectively. In the subsequent discussion, the iner-
tial, viscous, and elastic forces are represented by Fi, Fv, and Fe, respec-
tively. At first, we consider the influence of c=c� on Re and Wi for
VFM. It can be observed that Re � Oð102Þ and Wi � Oð100Þ for
c=c� < 1:6. Hence, the sequence of the participating forces is described
as Fi � Fv � Fe, and the corresponding regime is identified as an
inertia dominated regime (ID). For 1:6 < c=c� < ce=c�, Re ranges
between Oð101Þ and Oð100Þ, andWi approaches Oð101Þ, thereby rep-
resenting an inertio-elastic regime (IE), where Fe � Fi > Fv . In the
subsequent region ce=c� < c=c� < 10, a viscoelastic regime (VE) is
identified, where Re � Oð10�1Þ and Wi � Oð102Þ, such that
Fe > Fv > Fi. At sufficiently high polymer concentrations c=c� > 10,
Re approaches Oð10�5) and Wi approaches Oð103Þ, which suggests
that both the inertial and viscous forces become negligible, and the
flow dynamics is completely taken over by the elastic forces. This
results in an elasticity dominated regime (ED) characterized by
Fe � Fv � Fi. A similar comparison between Re and Wi values for
DSM in Fig. 5(b) reveals three regimes, namely, inertio-elastic, visco-
elastic, and elasticity dominated regimes. A regime-wise comparison
between the two methods reveals that the inertial forces are more
prominent in the case of VFM, as compared to DSM. In fact, no iner-
tia dominated regime is observed for DSM. At most, the inertial forces

FIG. 4. (a) Temporal evolution of bridge
height by VFM showing a constant power
law exponent b of 2/3 for c=c� 	 9:8 and
monotonous reduction with c=c� for
c=c� > 9:8. (b) Temporal evolution of
bridge height by DSM obtained from
Varma et al.35 along with experimentally
obtained data for four additional concen-
trations (c=c� ¼ 16, 25, 29, and 33) show-
ing a decrease in exponent b from 2/3 to
1/2 with increase in c=c�. (c) Variation of
exponent b with c=c� for VFM. (d)
Variation of exponent b with c=c� for
DSM.
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are comparable with the elastic forces for c=c� < 1:6 and become triv-
ial beyond that. As a result, the flow dynamics is inertia dominated in
VFM, whereas it is inertio-elastic in DSM for c=c� < 1:6.
Consequently, the elastic forces in VFM cannot surpass the strong
inertial forces, and the effect of polymer remains quiescent. On the
other hand, the weak presence of inertial forces in this regime for
DSM coupled with spreading induced polymeric chain elongation
causes a reduction in the exponent of growth of the bridge height.
Thus, VFM is inherently associated with stronger inertial forces, which
results in higher exponent of growth in the absence or presence of
weak elastic forces. This also explains why Sellier et al.43 observed a
faster neck growth for the volume growth method as compared to
spreading for Newtonian fluid. However, at sufficiently large polymer
concentrations (c=c� > 9:8), the polymer chains get highly entangled,
and a notable effect of elasticity is observed. It is also evident from the
above discussion that the thin film equation can only be applied for
c=c� � 9:8, where the effect of inertial forces is less.

We suggest that similar to Newtonian fluids, early stages of coa-
lescence of polymeric drops can also be characterized by a self-similar
meniscus profile. However, a scaling parameter same as that of
Newtonian fluids cannot be chosen due to the presence of an inherent
relaxation time scale in the polymeric fluids. In fact, Varma et al.35

showed that the relaxation time scale, k, is the most important nodal
parameter that governs the power law behavior of the polymeric liq-
uid. Hence, the self-similar parameter is perturbed with the
Weissenberg number, Wi, to accommodate the inherent time scale of
polymers into the similarity parameter. The new self-similar regime
for polymeric coalescence is expressed as

hðx; tÞ ¼ hbðtÞfðnÞ; n ¼ hx
2vt

1þ 1
1þWi

� �
; (2)

where h(x, t) is the droplet shape, hb is the instantaneous height of the
bridge, fðnÞ ¼ hðx; tÞ=hb is the similarity profile of the bridge, n is the
similarity variable, and v is the velocity of bridge. Substitution of
Wi¼ 0 in Eq. (2) reduces the similarity variable to n ¼ hx

vt , which is the
similarity parameter adopted by Hern�andez-S�anchez et al.19 for
Newtonian fluid. The raw data depicting the temporal evolution of the
bridge profile for c=c� ¼ 0:32 and 1.6 along with the bridge profiles

after re-scaling with the similarity parameter have been presented in
Figs. S1(a) and S1(b), respectively. The collapse of data suggests that
similar to Newtonian fluid, polymeric droplets also display self-
similarity at early stages of coalescence.

We finally attempt to describe the self-similar bridge profile
using the thin film lubrication model. In this regard, we appeal to
Varma et al.,35 who applied the linear Phan-Thein–Tanner
(PTT)50,51 constitutive relation to obtain a modified thin film lubri-
cation equation without gravitational body force for polymeric drop-
lets, in which j is the model parameter of linear PTT, go is the zero
shear viscosity of the fluid, k is the relaxation time, and r is the sur-
face tension of the fluid,

@h
@t
þ r
3go

@

@x
h3
@3h
@x3
þ 6jk2r2

5g2o
h5

@3h
@x3

� �3
" #

¼ 0: (3)

Substituting the similarity parameter into Eq. (3) leads to an ordinary
differential equation for the similarity profile fðnÞ, given as

f� nf0 þ
1þ 1

1þWi

� �4

16V
f3f000
� �0

þ 27jWi2

2560h2V3
1þ 1

1þWi

� �10

f5ðf000Þ3
� �0¼ 0: (4)

Here, V¼ 0.818 809 is a numerical constant for Newtonian
fluid19 obtained by scaling the coalescence velocity, v, such that

v ¼ V
r
3go

h4: (5)

For Newtonian fluid,Wi¼ 0, and Eq. (4) reduces to the one pro-
posed by Hernandez et al.19 Next, we list down the boundary condi-
tions required to solve Eq. (4). As the two droplets are symmetric at
x¼ 0,

f 0ð Þ ¼ 1; f0 0ð Þ ¼ 0; f000 0ð Þ ¼ 0: (6)

The far away bridge profile should match the slope of the contact angle
h. Hence, the far away boundary condition is expressed as

FIG. 5. Variation of Reynolds number Re and Weissenberg number Wi with c=c� for (a) VFM and (b) DSM. (Note: ID: inertia dominated; IE: inertio-elastic; VE: viscoelastic;
ED: elasticity dominated.
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f00 1ð Þ ¼ 0: (7)

Figures 6(a)–6(d) show the bridge profile for c=c� ¼ 8:5, 9.8, 16,
and 33 at different instants of time, respectively. The raw data for the
corresponding concentration ratios are given in Figs. S2(a)–S2(d). As
our previous discussion on predominant forces has already established
that the thin film approximation is only applicable for the semi dilute
entanglement regime, the theoretical profile (solid line) obtained from
the lubrication model is shown for c=c� ¼ 9:8, 16, and 33 given in
Figs. 6(b)–6(d). Convincing agreement between the experimental and
theoretical profiles suggests that the lubrication model is capable of
predicting the coalescence dynamics to an acceptable level. However,
some deviation between the experimental and theoretical profiles can
be observed, which may have resulted due to pinning52 on the needle
surface or the continuous volume growth of the droplets.

V. CONCLUSION

We unveil that the two methods of merging of droplets, namely,
the volume filling method (VFM) and the droplet spreading method
(DSM), lead to dramatically different coalescence dynamics of com-
plex rheology fluids due to their interaction with the solid–liquid inter-
face. A discussion on non-dimensional numbers (Re,Wi) suggests that
VFM is inherently associated with strong inertial forces. Moreover,
unlike DSM that induces polymer chain elongation, the polymer
chains in VFM remain at a relaxed state due to continuous fluid
pumping. Consequently, the influence of polymer on the bridge evolu-
tion remains quiescent until the polymer chains get highly entangled
at large polymer concentrations (c=c� > 9:8). The bridge profiles

when rescaled with a similarity parameter that incorporates the effect
of relaxation time scale display a self-similar dynamics. Employing the
similarity solution in a modified thin film equation for polymers also
demonstrates a universal shape of the bridge for c=c� � 9:8. However,
incorporating the effect of volume growth on polymer chains in the
theoretical model can provide better agreement with experimental
results and warrants future investigation. The present findings provide
a road map for potential innovations in industrial applications tuned
for volume growth coalescence of polymeric droplets.

SUPPLEMENTARY MATERIAL

See the supplementary material for the bridge profiles during
coalescence.
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