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Abstract Coalescence is the process by which two or more drops contact each 
other and merge to form a single daughter drop. It may occur in a fluid medium 
or on a solid surface. In both instances, coalescence is an intense dynamic 
process during which the fluid is momentarily set into motion. The present 
study compares the shear rates, and hence, shear stresses generated on the wall 
because of the coalescence of two drops in pendant and sessile configurations. 
In experiments, two drops of equal volume are placed adjacent to each other till 
a liquid bridge is formed with the drops just touching each other. The equili-
brium contact angle is 110o. Fluids considered are water on and underneath a 
textured surface. Coalescence is driven by the negative curvature at the liquid 
bridge. The contact line moves and bridge relaxes as flow takes place from a 
region of higher to lower pressure. The entire process has been imaged by using 
a high speed camera. The image sequence is analyzed to find the instantaneous 
center of mass of the drop, which in turn, yields the velocity components. These 
are used to find the time-dependent wall shear rates. Experiments show that two 
timescales appear during the merging of the drops. Large shear stresses are 
momentarily developed at the wall with a magnitude that depends on the drop 
volume. Oscillations are stronger in the pendant configuration where gravity is 
an additional driving force. 

1 Introduction 

The discussion here is on the merger of two small liquid drops located on a textured 
partially-wetting surface. Such a configuration is encountered during dropwise con-
densation of vapor on a cooler substrate. The drops are not pinned at the three-phase 
contact line and the footprint of the coalesced drop evolves with time. The coales-
cence process is responsible for introducing an additional velocity in the liquid mass, 
length scale due to merger, and timescales due to release and dissipation of excess 
surface energy. 
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Andrieu et al. [1] studied the time required for coalescence of sessile water drops 
over a plane surface in the contact angle range of 30-50°. Aryafar et al. [2] studied 
coalescence of a moving drop at the interface of two immiscible liquids. Blanchette 
and Bigioni [3] simulated a liquid drop coalescing with a reservoir of an identical 
liquid. Bordoloi and Longmire [4] studied coalescence of a liquid drop at the interface 
of two liquids, the one below being identical to the drop. In experiments, the thin film 
at the periphery of the drop was seen to rupture at its thinnest point leading to rapid 
collapse of the drop. Graham et al. [5] experimentally studied impact of a falling drop 
with another placed on a horizontal surface. The surface texture was varied, ranging 
from hydrophilic to hydrophobic. Narhe et al. [6] compared coalescence induced in 
sessile drops deposited by a syringe as opposed to drops grown by condensation. 
From experiments over superhydrophobic surfaces, Rykaczewski et al. [7] showed 
that coalescence can lead to the formation of micro- and nano-scaled satellite drops 
that are swept away by the primary drops before they can occupy nucleation sites 
during dropwise condensation. Sprittles and Shikhmurzaev [8] suggested that the 
initial coalescence mechanism of two freely suspended drops involves trapping of the 
free surface within, followed by a gradual disappearance of the internal interface, as 
opposed to a bridge formation. Thorodddsen et al. [9] demonstrated bridge formation 
at the interface of a pendant and a sessile drop using ultra-high speed imaging. Wu et 
al. [10] studied surface-tension controlled coalescence of drops facing each other and 
examined bridge formation at the interface.  

It is now understood that drops merge with the formation of a bridge between the 
respective liquid interfaces. The bridge evolves in time, eventually leading to a uni-
fied interface of the combined droplet. The liquid velocities generated at this early 
stage, in conjunction with the excess available free energy due the coalescence, may 
deform the interface further. The magnitude of initial velocity generated depends on 
the internal pressure difference across the drops. Thus, factors such as drop volume 
and contact angle, which dictate the interface curvature, become determining factors 
at early times, immediately following coalescence. On a long term basis, the contact 
angle at the three-phase contact line will approach the equilibrium value, while bulk 
fluid motion generated due to excess free energy gets dissipated by viscosity. The 
total time for post-coalescence equilibrium will, usually, correspond to the timescale 
of bridge growth added to the timescale of relaxation – either in the bulk by viscosity 
or dissipation at the three-phase contact line due to its motion in the process of reach-
ing the new equilibrium.  

Coalescing liquid drops experience a variety of forces whose relative magnitudes 
change with time. These forces are related to surface tension, gravity, viscosity, and 
inertia. Derived quantities such as pressure are decided by these primary forces. The 
ratio of a pair of forces will generate dimensionless parameters that delineate the rele-
vant limiting mechanisms. Apart from fluid and interfacial properties, the drop size is 
an important parameter. It is to be expected that surface tension would be strong par-
ticularly in comparison to gravity and inertia forces when the drop dimension is small. 
Though not distinguishable in terms of dimensionless parameters, gravity forces are 
expected to be more important for pendant drops than sessile. In the following discus-
sion, the drops are taken to merge under ambient conditions. Hence, surface tension 
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would be that appearing at the liquid-air interface. Further, density difference between 
the two is practically equal to the liquid density. 

The following section describes experiments for the coalescence of equal volume 
water drops (1 to 3.5 µl) in pendant and sessile configurations when the equilibrium 
contact angle is close to 110°. 

2 Experimental arrangement 

Figure 1 shows the schematic drawing of an experimental set-up developed as a part of 
this work. It is used to place and image one or more drops on a horizontal surface in 
pendant and sessile configurations. The merging drops are imaged in a vertical plane 
using a high speed camera whose viewing axis is horizontal. A micro liter syringe 
with 100 µL capacity and a least count of 0.02 µL is used to deposit sessile/pendant 
drops above or on the underside of the substrate. The substrate is prepared using 
chemical texturing and equilibrium contact angle for water on this surface was meas-
ured to be 110o (+2o). The substrate is vacuum dried before each experiment to ensure 
repeatability of the coalescence sequence. The drops were illuminated by a white 
LED source. A monochrome high speed camera (Photron FASTCAM SA-3), 4000 
frames per second, 6 bit digitization, was used for recording the image sequence (Fig-
ures 2-3).  

Precautions required in experiments include maintaining surface quality, align-
ment, and cleanliness so that the initial and final equilibrium contact angles are iden-
tical for all drop volumes. For this purpose, surfaces were not re-used and a new tex-
tured substrate was formed for each experiment. Coalescence was carefully initiated 
without impact by increasing the volume of one of the drops using the syringe. For 
certain under-prepared surfaces, pinning was observed and the data recorded in such 
experiments were discarded. Post coalescence, the original contact angle recovered 
over a period of several seconds to a minute; this long-time data is not shown in the 
images of Figures 2-3. 

Figure 2(a) shows an image sequence of coalescing drops as seen in the front-view 
for pendant drops of equal volumes (=1.3 µl). Figure 2(b) shows a companion image 
sequence of coalescing drops for sessile drops of equal volumes (=1.5 µl). Figure 3(a) 
is an image sequence for larger pendant drops of equal volumes (=3.1 µl). Figure 3(b) 
is a companion plot for sessile drops of equal volumes (=3.5µl). The footprint of two 
coalescing drops, 0.03 µl each was imaged using a high resolution confocal micro-
scope (Leica CTR6500). A time sequence of the footprint thus recorded is shown in 
Figure 4. Footprints of larger drops could not be obtained with the available confocal 
microscope.  

For distance measurement, the camera was calibrated in the x- and the y-directions 
before starting the experiment. Since measurements were intended to track the 
movement of the centroid, the focusing plane was selected as the mid-plane of the 
merging drops.  
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Fig. 1: Schematic drawing of the experimental set-up when two pendant drops are imaged 

 

Fig. 2: Image sequence of coalescence for (a) pendant drops of nearly equal volume (v1 = 1.3 µl 
v2 = 1.2 µl) and (b) sessile drops (v1 = 1.5 µl v2 = 1.4 µl)   

 

Fig. 3: Image sequence of coalescence for (a) pendant drops of nearly equal volume (v1 = 3.1 µl 
v2 = 2.8 µl) and (b) sessile drops (v1 = 3.5 µl v2 = 3.4µl)  

In Figures 2-4, small and long timescales are clearly visible. The initial timescale 
of 0-10ms is for bridge formation during which the drops lose their identity. The 
second, the relaxation timescale (~ 200ms), is when the velocities generated within 
dissipate by viscosity. In the following discussion, the movement of centroids of the 
merging drops, velocities acquired, and shear rates are plotted as a function of time. 
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Fig. 4: Footprint of coalescence of pendant drops of equal volume (v1 = 0.03 µl v2 = 0.03 µl) on 
a Teflon substrate with an equilibrium contact angle of 90°  

2.1 Image analysis  

From images, x- and y-components of the centroid are calculated from the image with 
N pixels as 
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Here, 1i  inside the drop and  0i    outside the drop. The x- and y-components of 

centroid for a pair of images yield velocity components 
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The x-component and the y-component of centroid velocities can be combined with 
the definition of shear rate  
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The shear rate at the wall can be approximately estimated as 
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To understand the forces of relevance in the present set of experiments, one can de-
fine the characteristic length scale as  

 1/ 3

DL V         
(5) 

The characteristic velocity based on gravity forces and surface tension are respective-
ly defined as 

gLU  and
gL

U


  (6) 

The following dimensionless numbers can now be obtained:  
2gL

Bo



 Oh
L




 Re
UL


   (7) 

Typical values of these dimensionless quantities for the drop sizes considered are 
given in Table 1. The Bond number is a ratio of gravity to surface tension; Ohnesorge 
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number (Oh) is viscous to surface tension; Reynolds number scales inertia with the 
viscous. When Bond number is small (< 1), surface tension is significant. For Bo=1, L 
is capillary length of the problem, being 3mm for the present study. Hence, surface 
tension is relevant in experiments discussed in the following sections. 

Table 1. Range of non-dimensional numbers for volumes considered in the present 
experiments. Bo is Bond number, Oh is Ohnesorge number, and Re is Reynolds 
number. Since Bo< 1, surface tension is important in all the experiments. Since Oh is 
much smaller than unity, viscosity plays a smaller role indicating a long relaxation 
process. In contrast, gravity is a relevant force of interest. Reynolds number being 
large, oscillations persist because of inertia-gravity coupling.  

Water (25°C and 1 atm.)  
d = 0.5 - 3 mm  
L = 0.4 – 2.4 mm Bo = 0.022 – 0.783 

Oh = 0.0053 – 0.002 
gLU   

0.063 – 0.153 m/s 
 

gL
U


  

0.173 – 0.425  m/s 
Re = 25 – 365 Re = 68 – 1014 

3 Results and Discussion 

Internal pressure is larger in small drops and is balanced by interfacial tension and 
weight. Internal pressure diminishes in drops of larger volumes. The pressure differ-
ence between adjacent drops of equal volume will be small and is determined by the 
curvature of the bridge joining them. Soon afterwards, a single drop is formed and 
internal pressure will scale with the new volume of the combined drop. Pressure dif-
ference related to the bridge curvature will, however, set the fluid in motion. It is to be 
expected that larger velocities in the x-direction are initially obtained at lower vo-
lumes. These would decay faster as well, in smaller drops. In the pendant mode, grav-
ity and pressure are opposed to each other, pressure differences are small and the 
resulting velocities (and displacements) are also smaller. Oscillations are influenced 
by gravity and will depend on the centroid displacement in the vertical direction, be-
ing larger in drops of larger volume. The shear rate is proportional to the x-component 
velocity parallel to the surface and inversely to the normal distance of the centroid 
from the wall. Hence, sessile drops generate greater shear in the long timescale (of > 
100ms), though the short timescale (< 10ms) shear rates are uniformly large. Veloci-
ties generated in coalescing drops in the sessile and pendant modes are discussed in 
the following sections. 
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3.1 Coalescence of drops of smaller volume 

Figure 5(a) shows variation of the x-component of the centroid with time when drop 
volumes are in the range of 1- 1.5 µl. Its maximum value is 0.16 mm in the pendant 
mode and 0.27 mm in the sessile, both occurring at short time. Figure 5(b) shows 
variation of the y-component of the centroid with time. The maximum vertical dis-
placement of the centroid is 0.18 mm in the pendant configuration and 0.2 mm in the 
sessile. Figure 5(c) shows variation of the x-velocity with time and Figure 5(d) shows 
the variation of the y-velocity with time. The maximum y-component velocity is 180 
mm/s in the pendant configuration and 120 mm/s in the sessile. Figure 5(e) presents 
the shear rate variation with time. Soon after bridge formation, shear rates in the pen-
dant mode fade away in comparison to the sessile. This trend is related to a larger 
pressure difference arising in sessile drops compared to the pendant where part of the 
pressure difference is cancelled by gravity. 
 
 

 

 

 

 

 

Fig. 5: Coalescence of pendant drops of equal volumes (v1 = 1.3 µl v1 = 1.2 µl) and sessile 
drops for equal volumes (v1 = 1.5 µl v1 = 1.4 µl) showing time-variation of (a) x-component of 
centroid,  (b) y-component of centroid,  (c) x-component of centroid velocity,  (d) y-component 
of centroid velocity, and (e) shear rate. Coordinates x and y are shown relative to the initial 
centroid positions of the individual drops.   

3.2 Effect of volume 

At higher volumes, the difference between the equilibrium drop shapes in the sessile 
and the pendant modes is greater with the centroid of an equilibrium pendant drop 
moving away from the solid substrate. In addition, larger drops have a smaller internal 
pressure and the horizontal velocity components generated during coalescence are 
smaller. In contrast, vertical oscillations in the pendant mode can be expected to be 
marginally stronger. Overall, larger drops are likely to produce smaller shear rates. 
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Between Figures 5 and 6, differences are not substantial because the length scales of 1 
and 3 µl drops are fairly close.  

Figure 6(a) shows the variation of the x-component of the centroid with time 
when the drop volumes are in the range of 3- 3.5 µl. Its maximum value is 0.36 mm in 
the pendant mode and 0.66 mm in the sessile. Figure 6(b) shows variation of the y-
component of the centroid with time. The maximum vertical displacement of the cen-
troid is 0.26 mm in the pendant configuration and 0.32 mm in the sessile. These max-
ima occur at early times during bridge formation. Figure 6(c) shows variation of the x-
velocity with time and Figure 6(d) shows the variation of the y-velocity with time. 
The maximum y-component velocity is 160 mm/s in the pendant configuration and 
200 mm/s in the sessile. Figure 6(e) presents the shear rate variation with time. Dur-
ing the relaxation phase, velocities and shear rates are generally higher for the sessile 
as opposed to the pendant arrangement. The difference arises from larger pressure 
differences in sessile drops whereas in the pendant configuration, pressure is partially 
compensated for by gravity. For larger volumes, centroid displacement is larger and 
contributes to smaller shear rates. A larger volume is indicative of prolonged inertial 
as well as gravitational oscillations with lower levels of viscous relaxation. These 
trends are not sharply brought out because surface tension continues to be a dominant 
restoring force for drop volumes in the range of 1-3.5 µl. 
 

 

 

 

Fig. 6: Coalescence of pendant drops of larger volumes (v1 = 3.1 µl v1 = 2.8 µl) and sessile 
drops of larger volumes (v1 = 3.5 µl v1 = 3.4 µl) showing the time-variation of (a) x-component 
of centroid, (b) y-component of centroid, (c) x-component of centroid velocity, (d) y-component 
of centroid velocity, and (e) shear rate. Coordinates x and y are shown relative to the initial 
centroid positions of the individual drops. 

For sessile and pendant drops, Figs. 5 and 6 show that the time period of oscilla-
tions in the x-velocity is greater than the y. This is because the former is pressure dri-
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ven while the latter is related to gravity. Both time periods are greater for larger drops. 
The initially obtained large velocities in all configurations are of comparable magni-
tude showing that viscosity as well as gravity plays only a secondary role. The x-
component velocity in a sessile arrangement is greater than the pendant but the y-
component velocity are similar. The higher persistent shear rates in sessile drops dur-
ing the relaxation mode, compared to the pendant, are related to higher x-velocities 
and smaller vertical displacement of the centroid.  

4 Conclusions 

Coalescing water drops deposited on a chemically textured surface in pendant and 
sessile configurations were imaged and analyzed. An initial bridge formation over a 
shorter timescale followed by a long relaxation process was seen for both arrange-
ments. Large shear rates are momentarily generated for sessile and pendant drops that 
decay over time. Long term behavior of coalescence shows the following trends for 
the two drop volumes studied.  

1. The x-component centroid movement is more perceptible in sessile drops com-
pared to the pendant. The y-component centroid movement is larger for a pendant 
drop.  

2. The time periods of x-velocity oscillations of a sessile drop are greater than the 
pendant while those of the y-component are comparable. 

3. Shear rate oscillations of sessile drops are larger than the pendant.  
4. The difference between shear rates in pendant and sessile arrangements is more 

prominent in larger drops. 

 
Nomenclature 

1d  Diameter of bigger drop (m) 

2d  Diameter of smaller drop (m) 

g


 Acceleration due to gravity (m/s2) 

L  Characteristic dimension (m) 

m  Mass of drop (kg) 

N  Number of pixels 

t  Time (s) 
U  Characteristic velocity (m/s) 

cu  x-component of centroid velocity (m/s) 

V  Volume of drop (m3) 

cv  y-component of centroid velocity (m/s)  

DV  Volume of composite drop (m3) 
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cx  x-coordinate of centroid (m) 

cy  y-coordinate of centroid (m) 

  Area function  

  Dynamic viscosity of fluid (Pa-s) 

  Density of fluid (kg/m3)  

  Surface tension (N/m) 
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