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A simple experimental setup to study the impact and coalescence of deposited droplets is described. Droplet impact and coalescence have been investigated by high speed particle image velocimetry. Velocity fields near the liquid-substrate interface have been observed for the impact and
coalescence of 2.4 mm diameter droplets of glycerol/water striking a flat transparent substrate in
air. The experimental arrangement images the internal flow in the droplets from below the substrate
with a high-speed camera and continuous laser illumination. Experimental results are in the form
of digital images that are processed by particle image velocimetry and image processing algorithms
to obtain velocity fields, droplet geometries and contact line positions. Experimental results are
compared with numerical simulations by the lattice Boltzmann method.
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I.

ing by surface tension and in the early stages of spreading
of both viscous and inviscid fluids, [5–8]. These investigations have been focused on externally measured properties such as contact angles, composite diameters and
droplet radii, and not on studying the dynamics of the
flows within the droplets.
Some previous experimental investigations have been
reported which visualized the internal motion in droplets.
The internal flow within evaporating drops deposited on
a surface has been visualized to demonstrate the existence of symmetric circulation flows which either ascend
or descend at the axis of symmetry depending on the motion of the contact line, [3]. Additionally, experiments on
the coalescence of two differently coloured droplets have
identified the time scales on which the mixing of fluid occurs, [1]. Quantitative measurement techniques, such as
particle image velocimetry (PIV), on sessile or coalescing droplets encounter several limitations, the most important being the optical distortion effects produced by
the differences of refractive indexes between the droplet
fluid, the substrate material and the medium by which
the fluid is surrounded (commonly air), [9]. Experiments
within index-matched liquids have been conducted using,
conventional, dual-field and tomographic PIV systems.
These experiments have given an accurate insight into
the internal flow in colliding and coalescing drops, [10–
12]. Apart from these investigations, little quantitative
experimental work has been carried out on the internal
flow in drops during impact and coalescence in air.
Coalescence of two static droplets can be divided into
three stages. During the initial stage, the droplet edges
make contact and quickly form a thin liquid bridge between the two drops, which then increases in width following a temporal power law, [1]. During this stage the
contact line away from the neck does not move. After
this, in the intermediate stage, the neck relaxes; the contact line surrounding the droplets begins to move, and
the curvature of the drop surface above the initial contact
point changes from concave to convex. The final stage

INTRODUCTION

The coalescence of droplets on a solid surface is a phenomenon with applications in the mixing of reagents in
microfluidic systems, biological materials and the printing of electronic components. The study of the impact
and coalescence of droplets is also important to the inkjet
industry as it can strongly influence the quality of printing [1–3]. Droplet coalescence occurs throughout nature
and also in industrial applications, from rain drop formation to rapid prototyping and sintering. With the inkjet
industry expanding into new areas of manufacturing, the
accuracy of drop deposition is becoming paramount. For
applications such as printed circuit boards or depositing
biological materials, the understanding of both the internal and the free surface dynamics is essential to the
functionality of the final product. Similarly in the mixing
of two substances in microfluidics, the rate and extent of
the flow must be controlled.
Several investigations have been carried out to study
the dynamics of coalescence of two effectively sessile liquid drops. In these experiments, a first, stationary drop
is placed on to a substrate and a second drop is caused to
grow next to it by feeding fluid through a small hole in the
substrate until the edge of the second drop contacts the
first and coalescence takes place, [1] and [4]. This process
can be analysed by treating it as the coalescence of two
sessile drops as the second drop is usually expanded very
slowly. In such experiments, the rapid neck growth at
the point of connection between the two drops is usually
observed from above [5] and/or from the side [4]. So far,
these studies have shown that the expansion of the neck
is driven by surface tension and is opposed by inertial or
viscous forces. In particular, it has been demonstrated
that the diameter of the meniscus between the two coalescing drops grows in time following a power law. This
behavior has been found in the coalescence of mercury
droplets, in the coalescence of thin viscous drops spreadCopyright (2011) American Institute of Physics.
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occurs as the combined drop relaxes towards a spherical
cap, the minimum surface energy configuration. There is
minimal movement of the contact line during this phase,
and pinning of the contact line affects the final footprint
of the combined droplet.
This paper presents a novel application of particle image velocimetry to the impact and coalescence of a falling
droplet and a sessile droplet. The experimental setup is
simple and can be applied to systems with non-matching
refractive index. Briefly, these experiments consisted of
impacting droplets on to a transparent substrate in order to observe the internal dynamics through and from
below the substrate. In this way, the differences of refractive index do not distort the view, no reconstruction algorithms are required and a clear visualization
can be achieved in a two-phase system (air/liquid). In
addition, this work combined shadowgraph imaging on
a side-view plane with digital image analysis to extract
the traditional geometric properties of the coalescence
phenomenon such as dynamic contact angles, composite
diameters and neck height and width. Droplets 2.4 mm
in initial diameter with Newtonian properties were used
in these experiments. Experiments were carried out varying the sideways separation between the sessile and the
impacting droplet from the axisymmetric drop on drop
case up to the point (≈ 4.3 mm) of no coalescence. The
experimental results are compared with numerical simulations based on the lattice Boltzmann method.

A.

FIG. 1: (Colour online) Schematic view of the experimental
arrangement.

Experimental method

applied with the actuator and adjusted to produce the
desired ejection speed and size of the droplets. The measured properties of these droplets are shown in Table 1
and were chosen to represent the dynamics of droplets
produced by commercially available drop on demand
inkjet systems. This was done by quantifying the surface
and viscosity forces of a generic system and matching
them via the Reynolds (Re) and Weber (We) numbers.
These dimensionless numbers are defined as:

A schematic view of the experimental setup is shown
in Fig. 1. As mentioned above, the aim of these experiments was to study the internal flow and the dynamics
of droplets during deposition and coalescence. The experiments consisted of depositing a droplet adjacent to a
sessile droplet resting on a transparent substrate. Two
imaging arrangements were used: a method to visualize
the internal flows within the droplets from beneath the
substrate, and a shadowgraph system to observe the impact and coalescence behavior of the droplets from a side
view.
In all experiments, the position, size and speed of the
droplets and the impact properties were determined by a
droplet generator (a large-scale model of a single-nozzle
ink-jet printhead) which has been described elsewhere,
[13]. This droplet generator consists of a closed liquid
reservoir with a thin membrane on one side and a nozzle orifice in the opposite wall. The membrane transmits
the motion of an electro-mechanical actuator to produce
the internal pressure transient which ejects the droplet.
The generator is operated in a drop-on-demand mode in
which the speed and size of the droplets produced are
determined by the waveform sent to the actuator (LDS
V201 vibrator). In these experiments, a nozzle 2.2 mm
in diameter was used with a Newtonian mixture of glycerol and water (85%:15%). Single pressure pulses were
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where ρ is the density, µ the viscosity and σ the surface
tension of the fluid, d is the droplet diameter before impact, and u is the impact speed. For the system used
in these experiments (see Table 1), Re = 16.0 and We =
27.5 which are in the operating range of most commercial
inkjet systems.
Droplets were jetted on to a transparent and optically
flat PMMA (Perspex, Lucite) sheet, 5 mm thick, placed
65 mm away from the nozzle. The substrate was mounted
on a translation stage with a micrometer control to adjust
the separation between the coalescing droplets.The liquid
was seeded with titanium dioxide (TiO2 ) particles of ∼
2 µm diameter for the PIV visualization.
2
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of 10 mm × 7.5 mm. Under these conditions, the depth
Density:
ρ = 1222.0 ± 2.0 kg/m3 of field produced by the optical system was <200 µm and
Viscosity:
µ = 100.0 ± 0.5 mPa.s a resolution of 80 pixels/mm was achieved.
Surface tension:
σ = 64.0 ± 0.5 mN/m
Static contact angle:
63.2 ± 0.2 degrees
Droplet speed of impact:
u = 1.1 ± 0.1 m/s
Droplet diameter (in flight):
d = 2.38 ± 0.03 mm
Time between
droplets deposition:
20.0 ± 0.5 s
Separation of droplet centres:
0.00 ± 0.05 mm
0.90 ± 0.05 mm
1.30 ± 0.05 mm
2.00 ± 0.05 mm
3.00 ± 0.05 mm
3.50 ± 0.05 mm
3.80 ± 0.05 mm
Table 1. Fluid and droplet properties.

The PIV technique requires two successive images
taken with a short time interval to determine the motion of particles in a flow. In conventional PIV, the illumination and the frame separation are usually provided
and controlled by a twin laser system and a specialized
camera, [11]. The correct utilization of this technique depends on many different variables and, as a consequence,
its application is mostly restricted to systems with symmetrical geometries and to media with matched refractive
indexes. In addition, the measurement of the fluid speed
is limited by the frame rate, the field of view and the size
and resolution of the CCD sensor and the optical system used for visualization. The measurement volume of
a conventional PIV is determined by the field of view of
the camera system and the width of the laser beam illuminating the flow (usually a laser sheet). In contrast, in
micro-PIV, the whole fluid volume is illuminated and the
depth of the measurement volume is determined by the
depth of field of the imaging system, [14]. In this work,
an imaging setup consisting of a high speed camera coupled to a microscope lens was used for the image acquisition; in an analogue of micro-PIV, the optical characteristics of the lens determined the measurement volume.
As a result, the time between successive images for the
PIV analysis was determined and controlled by the frame
speed of the high speed camera. The dimensions of the
measurement region of this setup are determined by the
field of view and the depth of field of the imaging system and not by the characteristics of the laser beam. A
Phantom V7.3 monochrome high speed camera operating at a frame interval of 333.0 µs and a exposure time of
331.0 µs (3,000 fps option) was used with a Navitar 12x
Zoom microscope lens system for the image acquisition.
The camera system was pointed upwards to focus on the
region of droplet impact on the substrate surface. The
microscope zoom lens was set to produce a field of view
Copyright (2011) American Institute of Physics.
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FIG. 2: (Colour online) Examples of images of drop impact
and coalescence obtained from the high speed imaging setup
for the case of a droplet separation of 3.00 ± 0.05 mm. The
left-hand images are the original images. The right-hand images are digital negatives which assist the visualization of the
contact line position.

The axial position of the camera was adjusted to place
the focal region on the substrate plane; as a result the
thickness of the measurement volume corresponds to the
fluid contained in the first 200 m from the substrate surface. The region of droplet impact and coalescence was
illuminated with a laser beam 10 mm diameter at the
substrate surface, from a CW laser diode with a wavelength of 532 nm and a maximum power of 200 mW,
expanded by a 16.5 cm focal length aspheric lens.
The angle of incidence and the position of the laser
beam were chosen to minimize reflections. The maximum
amplitude region of the beam was centered at the edge
of the sessile droplet opposite to the impact point. The
laser beam was delivered with an angle of incidence of 27
degrees. For these experiments, the laser was operated
at its maximum power, the camera set to its maximum
sensitivity and the frame speed and size chosen to be the
fastest and largest possible to obtain a clear view of the
coalescence process. Examples of the images acquired by
this method are shown in Fig. 2.
A second visualization arrangement was used to ob3
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FIG. 3: (Colour online) Examples of images of drop impact
and coalescence obtained by high-speed shadowgraphy. In
these images the droplet offset is 3.00 ± 0.05 mm. In both
this series and the one in Fig. 2, the time t = 0 µs corresponds
to the image showing the impacting droplet at the closest
position to the substrate. As a consequence, a systematic
timing error of up to 150 µs can exist between this side view
and the bottom view shown in Fig. 2.

FIG. 4: (Colour online) Diagram showing the quantities determined by the image processing. The dotted line indicates
the position of the contact line. R1 is the radius of the sessile
drop, R2 is the radius of the impacting drop, Rx is the neck
width, l is the composite length and Lx is the neck height.

side position, the intersecting chord theorem was used to
estimate the radii of the left (R1 ) and right (R2 ) drops
individually.
The neck width was found by splitting bottom-view
images across the horizontal axis and analyzing the top
and bottom sections of the neck. The neck was determined as the point closest to the central axis between
the two maxima of the left and right drop peaks. From
these coordinates the neck width and position from the
left and right edge were found (Rx and l). In a similar
way, side-view images were analyzed to obtain the neck
height (Lx ).

serve the impact and coalescence of droplets from a side
view, parallel to the substrate plane. For this, the highspeed camera was used with a macro Tamron SP AF90
lens set to its maximum magnification and maximum
aperture. For the illumination, a 20 × 20 cm acrylic optical diffuser was placed between the substrate and a 500
W halogen lamp. The camera axis was angled downwards
by a few degrees to show the baseline (droplet/substrate
interface) clearly. Under these conditions, the high-speed
camera was operated at a frame interval of 149.0 µs and
a exposure time of 2.0 µs. The resolution obtained in this
setup was 40 pixels/mm, and examples of the recorded
images are shown in Fig. 3.

B.

II. SIMULATION OF DROPLET
COALESCENCE BY THE LATTICE
BOLTZMANN METHOD

Image analysis

The images obtained experimentally with the apparatus described above were analyzed digitally to measure the geometrical features of the coalescence process. Bottom-view images were analyzed to determine
the composite droplet length, neck width and left and
right droplet radii. Side-view shadowgraph images were
studied to establish the neck height and the contact angle. A diagram showing these properties is shown in Fig.
4. The Canny edge detection technique (in Matlab software) was used to find the drop outline in all the images.
For the bottom-view, the maximum left and right points
were then identified. The image was divided into two
parts vertically down the center and the maximum and
minimum vertical positions on each side were found. By
combining these with the coordinates of the respective
Copyright (2011) American Institute of Physics.
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The droplet coalescence process was also analysed numerically using the lattice Boltzmann (LB) method [15].
This mesoscopic approach has the benefit that liquid free
surfaces do not require special tracking or reconstruction
at each time step; they arise naturally as part of the
(liquid-gas) phase separation model, which in this case
is the popular Shan-Chen multiphase model [16]. In addition, there is no need to specify the dynamic contact
angle as a geometrical constraint at the contact line. Instead, the surface energy of the solid is effectively specified through a parameter related to the static contact
angle via Young’s equation. These features make the
method well suited to the simulation of flows involving
both large and topological changes in free-surface shape,
such as arise in droplet impact and coalescence. The LB
4
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method is also algorithmically much simpler than other
diffuse-interface methods.
The ‘lattice’ in the LB method represents a discretisation of both 3D space and molecular velocity. Each
node in the lattice has a set of vectors, ~ea (a = 0, . . . , 18),
given by the displacements from the node to its 18 nearest
neighbours plus the zero vector. The vectors ~ea represent
19 molecular velocities, and each of these has associated
with it a probability distribution function, fa . The values of fa across the whole lattice evolve in time according to a simple two-step process repeated at each time
step: (i) the fa at each lattice node relax towards a local
Maxwellian distribution, and (ii) each fa ‘streams’ along
its associated vector to the neighbouring node. Thus step
(i) represents molecular collision and step (ii) molecular
motion.
Using a simple single relaxation time, τ , for all the fa ,
the process can be written as
fa (~x + ~ea , t + ∆t) = fa (~x, t) −

the solid surface via a ‘surface affinity’ parameter [17]
defined in the range 0 to 1 by:
η=

ρw − ρl
ρh − ρl

(8)

where ρw is the density at the wall. Specifying η and
using the calculated ρw results in an equilibrium contact
angle between 0◦ (η = 1) and 180◦ (η = 0). In this study
the choice η = 0.4 is used to give a static contact angle
of θs = 63◦ . Owing to the diffuse nature of the interface,
only this static contact angle is required as an input;
the dynamic contact angle, which varies around the contact line, emerges as a result of the simulation. In this
kind of model, the contact line moves via an evaporationcondensation mechanism.

[fa (~x, t) − faeq (~x, t)]
(2)
τ

where the local Maxwellian equilibrium distribution is
given by:


3 ~u2
~ea · ~u 9 (~ea · ~u)2
eq
−
(3)
fa (~x, t) = wa ρ 1 + 3 2 +
c
2
c4
2 c2
for a = 0, . . . , 18. Here wa are weights associated with
each vector ~ea , ~x is the position within the lattice, t the
time, ∆t the time step, and c the lattice speed, while ρ
and ~u are repectively the macroscopic density and velocity calculated as follows:
ρ(~x, t) =

18
X

fa (~x, t)

(4)

~ea fa (~x, t)/ρ(~x, t)

(5)

a=0

~u(~x, t) =

18
X
a=0

For multiphase capability, the Shan-Chen model [16]
introduces an interaction potential between neighboring
lattice nodes, which can be expressed as:
F (~x, t) = −Gψ(~x, t)

18
X

wa ψ(~x + ~ea , t)~ea

FIG. 5: (Colour online) Lattice Boltzmann simulation of
droplet impact and coalescence corresponding to that in Fig.
3.

(6)

The above approach is sufficient to simulate the wettability of a perfectly smooth surface. However, the properties of the surface can have a large influence on droplet
deposition, spreading and coalescence. Owing to contact
angle hysteresis, in the experiments (see below) only a
small retraction of the contact line can be observed and
the final footprint of the droplets after coalescence covers
almost the same surface that was wetted during impact.
For improved simulation of this phenomenon, a wetting
model taking into account contact angle hysteresis and
fluid adhesion on the solid surface is required. The surface affinity parameter (8) is initially set to correspond
to the advancing contact angle θa = 85◦ measured from
the experiments. Once the surface at a given location is

a=0

where F is fluid-fluid interaction force, G is an interaction
strength parameter (negative for particle attraction), and
ψ is a potential function that depends on density:
ψ(ρ) = ρ0 [1 − exp(−ρ/ρ0 )]

(7)

where ρ0 = 1. This model produces a non-ideal equation
of state that supports the coexistence of a heavy phase
of density ρh and a light phase of density ρl .
In order to simulate a droplet impacting onto a solid
surface, a surface wetting model must also be introduced.
Here this is achieved by specifying the fluid density on
Copyright (2011) American Institute of Physics.
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FIG. 6: (Colour online) Velocity fields for the coalescence of two glycerol/water droplets. The droplet on the right had impacted
the substrate at a time t = 0 µs; the droplet on the left had been deposited 10 s earlier and can be considered sessile. The
droplet separation is of 3.00 ± 0.05 mm. The velocity vectors around the laser reflections are spurious and should be ignored.

the other wetting model parameters have been chosen by
comparing the simulation of a single droplet deposition
with experimental results in order to obtain a similar final footprint. Such a wetting model gives more flexibility
to define fluid-solid interactions and improve the ability
to capture the effect of contact angle hysteresis in lattice Boltzmann simulations. Fig. 5 shows a visualisation
of the lattice Boltzmann simulation corresponding to the
experimental conditions in Fig. 3.

wetted, i.e. when for the first node above the bottom wall
(z + 1):
ρ(x, y, z + 1) ≥ ρl + Hr (ρh − ρl ),

(9)

the local static contact angle changes and the surface
affinity at relevant nodes is changed to match the receding contact angle θr = 54◦ , i.e. η = f (θr ). Here Hr = 0.9
is a threshold parameter governing when the change will
be applied. On the other hand, when the contact line
starts to retract and the surface is dewetted, i.e. when
ρ(x, y, z + 1) ≤ ρl + Ha (ρh − ρl ), ,

The parameters used for the LB simulations are determined by matching the experimental conditions as closely
as possible. The parameter G controls both the surface
tension and the density ratio between the liquid droplet
and the surrounding fluid. It was set at G = −4.5, giving dimensionless densities ρh = 1.493, ρl = 0.253. The
initial droplet diameter was 40 lattice nodes, which in
physical units for d = 2.38mm gives the lattice spacing
between nodes as dx = 5.95 · 10−5 m. The relaxation
times for the two phases were chosen as τh = 1.0 and
τl = 0.9. Choosing different relaxation times for the
heavy (ρh ) and light (ρl ) fluids allows the viscosity ratio to be changed. The timestep, dt, is a free parameter
which is usually used in combination with the relaxation
times to set the fluid kinematic viscosity. In this case the

(10)

the surface at the given location starts to recover its initial properties, i.e. the local static contact angle reverts
to θa over a time Te , which corresponds to the physical
time needed for evaporation of liquid molecules from the
dewetted surface. This means that the local value of the
static angle will gradually change from θr to θa over the
time period Te . In this case linear interpolation is used.
Hence η = f (θa , Te ) in this case. The threshold parameter Ha (= 0.1) again controls the surface conditions under which this change is initiated. The value of this and
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FIG. 8: (Colour online) Velocity fields for the coalescence of
two droplets whose centers are separated by 2.00 ± 0.03 mm.
On the left, a shadowgraph image shows the side-view of the
coalescence at the same time. The reported maximum speed
corresponds to the magnitude of the longest vector on the
field.

FIG. 7: (Colour online) Velocity fields for the coalescence of
two glycerol/water droplets. The center to center separation
between the sessile (left) and the impacting (right) droplet is
1.30 ± 0.03 mm. On the left, a shadowgraph image shows the
side-view of the coalescence at the same time. The reported
maximum speed corresponds to the magnitude of the longest
vector on the field. Note that the downward vertical arrow
in the shadowgraphs indicates the center of the impacting
droplet.

resulting value was dt = 3.0 · 10−6 s. The acceleration
due to gravity in lattice Boltzmann units was 1.48 · 10−6 .
Because of model limitations, the numerical density ratio
between the fluids is about 6, however keeping the viscosity ratio similar to the physical value it is possible to
recover the fluid dynamics of the impact, spreading and
relaxation phases.
To initialise the impact and coalescence simulations, a
single sessile droplet was first simulated and allowed to
come to equilibrium. A second droplet was then added
to the computational domain a short distance above the
sessile droplet. This impacting droplet was given a speed
and offset corresponding to the impact speed and offset
in the experiments.

III.
A.

FIG. 9: (Colour online) Velocity fields for the coalescence of
two droplets whose centers are separated by 3.80 ± 0.03 mm.
On the left, a shadowgraph image shows a side-view of the
coalescence stage at the same time. The reported maximum
speed corresponds to the magnitude of the longest vector on
the field.

ment criterion. In these experiments, PIV analyses were
only applied to image pairs showing a maximum particle
displacement of less than 10 % of the size of the interrogation area (64 × 64 pixels). As a result, appropriate PIV
analyses were performed using consecutive images taken
3 ms after impact. This time corresponds to the region
after maximum spreading, a phase usually described as
the relaxation regime, [20]. Velocimetry studies at earlier
times were restricted by the frame speed of the camera
which was limited by the light conditions and its sensitivity. Experimental PIV results are shown in Figs. 6, 7,
8 and 9.
The velocity vectors surrounding the center of the recently deposited droplet suggest the existence of a distinctive flow circulation pattern in which fluid rises near
the centre of the impacting droplet. This is consistent
with the growth in free-surface height in that region ob-

RESULTS
Experimental

Experiments were carried out varying the separation
between the sessile and the impacting droplet from the
axisymmetric drop on drop case up to the point (approx 4.3 mm) of no coalescence. High speed bottomview images were analyzed by using two particle image
velocimetry codes, URAPIV and MatPIV, with similar
results, [18, 19]. Consecutive high speed pictures were
analyzed to detect the motion of the seeded particles to
obtain the internal velocity fields. As previously mentioned, the correct application of PIV analysis is conditioned to several variables including the particle displaceCopyright (2011) American Institute of Physics.
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FIG. 10: (Colour online) Side-view shadowgraph imaging of the coalescence of an impacting and a sessile droplet. The droplet
separation corresponds to the droplet center to center distance.

sessile drop. This implies that when the drop impacts it
lands completely on pre-wetted substrate. Though the
evolution of the free surface is no longer axisymmetric,
and the contact line at the left edge of the sessile droplet
remains pinned, this impact results in the same circular
footprint shape as in the axisymmetric impact.

served from the shadowgraph images. The position of
the upward flow moves towards the center of the composite drop at a rate dependent on the separation of the
droplets as can be observed in Figs. 6 to 9.
It is interesting to observe in Fig. 8 that, at the lefthand edge of the upper PIV image, the flow is to the left,
towards the contact line. This indicates that the fluid
in that part of the sessile droplet is still being pushed to
the left by the wave that travels right to left after the
impacting droplet lands on the sessile one. This is consistent with observations of the left-hand contact angles
in the two shadowgraphs presented in Fig. 8 and suggests
a flow up the free surface at that stage.
In Figs. 7 and 8, the offset between the droplet centers
is such that there is a substantial interaction between
the two droplets, with the flow induced in the sessile
droplet being similar in magnitude to that in the impacting droplet. Fig. 9 shows images for a much larger droplet
offset, approaching the limit of separation at which coalescence is still possible. Here, as is to be expected,
the impacting droplet behaves much more like an isolated droplet, and the flow induced in the sessile droplet
is very weak.
For the experiments shown here it can be observed that
the different stages of coalescence depend on the distance
between the droplets. Side-views of the coalescence of
an impacting droplet on a sessile one at different droplet
separations are shown in Fig. 10. When there is no offset
between the centers of the two droplets, the result is the
expected axisymmetric impact and spreading, and the
contact area of the combined droplet remains circular.
When the droplet separation is increased to 0.9 mm, it
can be observed that, prior to impact, the right edge of
the impacting drop still lies inside the right edge of the
Copyright (2011) American Institute of Physics.
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For larger offsets (e.g. 2.00 mm) the impacting drop
lands partially on pre-wetted substrate and partially on
dry substrate. Once the droplet offset is greater than the
radius of the sessile droplet plus the radius of the droplet
in flight (droplet separations > R1 + d/2) the impacting
drop lands entirely on dry substrate and therefore impacts and spreads before coalescence occurs. After landing, the impacting drop spreads and then merges into the
sessile droplet making the coalescence more like the one
observed between two sessile drops (though differences
still exist as explained below).
For a single drop the spreading process is divided into
the impact and wetting stages. The impact stage consists
of the kinematic phase, spreading phase and relaxation
phase. For long drop separations, the initial stage of coalescence between a sessile drop and an impacting drop
can be divided into the same three phases. The side view
images in Fig. 3 show the drop impact and spreading.
The kinematic stage occurs for the first few hundred microseconds as the fluid in the impacting drop is moving
vertically downwards. Beyond this point, fluid begins to
spread horizontally. This corresponds to the spreading
phase of impact. This is when coalescence between the
two drops starts. The fluid spreads outwards and the
drop height of the impacting drop decreases, forming a
flattened disc shape corresponding to a maximum diameter; this occurs after approximately 3 ms. As the height
of the impacting drop decreases below that of the sessile
8

The following article appeared in Biomicrofluidics 5, 014112 (2011)
and may be found at http://link.aip.org/link/?bmf/5/014112

krzysztof@kubiak.co.uk

drop it can be assumed that the inertia causing the drop
spreading is greater than the hydrostatic forces of the
bulk fluid above. During the relaxation phase of spreading, or the intermediate stage of coalescence, the height
of the impacting drop increases and the surface curvature
decreases. After around 30 ms the drop reaches the final
stage of coalescence and starts to relax into a spherical
cap shape. The drop does not reach a spherical cap shape
due to hysteresis of the contact angle causing pinning.

FIG. 12: (Colour online) Temporal evolution of the composite
length (l) for various droplet separations.

ularly telling when considering the differences between
the impact-driven coalescence considered here and the
capillary-driven coalescence of two static droplets. As
the impacting droplet spreads, it quickly pushes into the
sessile droplet and swiftly closes the gap between them.
The neck height therefore increases very rapidly in this
stage, until it becomes commensurate with the height
of the disc formed when the impacting droplet is at its
maximum extent. At this stage it is difficult to define a
clear ‘neck’ in the side views (Figs. 3 and 5), and the neck
height profile shows a plateau corresponding to the height
of the flattened impacting droplet. However, the flattened droplet then begins to recover; its height increases,
and a distinct neck once again forms, which grows much
more slowly. From this point the development is similar
to the static coalescence case.
Fig. 12 shows the composite spread length, l, measured during impact and coalescence for different offsets between the centers of the sessile and impacting
drops. When comparing the change in composite length
for the 0 mm offset and 0.9 mm there is no variation
between the two cases. As remarked above, both these
cases produce a combined droplet with the same circular contact footprint. There is an intriguing difference in
the behaviour for the intermediate offsets, 3.00 mm and
3.50 mm: the composite droplet length shrinks slowly in
a second phase of adjustment of the composite droplet.
This is attributed to a slow expansion of the neck in these
intermediate cases, but it is evidently a non-trivial effect
that requires further exploration. The footprints of the
composite droplets at 0.6 s after impact are shown in Fig.
13. These highlight the importance of contact line pinning in determining the shape of the composite droplets.

FIG. 11: (Colour online) Temporal evolution of the measured
droplet and neck features determined from image processing
for a system with a droplet separation of 3.00 mm.

The external dynamics of the impact and coalescence
process, for a system with a droplet separation of 3.00
mm, are quantified in Fig. 11, which shows the measured
droplet radii (defined in Fig. 4), and the width and height
of the growing ‘neck’ between them. The radius of the
pre-deposited sessile droplet is remarkably unaffected by
the impact of the second droplet. The radius of the impacting droplet grows very rapidly and expands beyond
that of the sessile droplet as it spreads into its flattened
disc, then it enters the retraction and much slower relaxation stage captured in the PIV results of Fig. 6.
For systems where the separation between droplets is
> R1 + d/2 the growth of the neck height is particCopyright (2011) American Institute of Physics.
This article may be downloaded for personal use only.
Any other use requires prior permission of the author
and the American Institute of Physics.
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FIG. 13: (Colour online) Footprints for various droplet spacings. These images were taken 0.6 s after the first contact of
the droplets.
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It has been observed before [21] that diffuse-interface
models of wetting, such as the lattice Boltzmann method
used here, have a tendency to overpredict the speed
at which wetting occurs because, for computational efficiency, the liquid-gas interface thickness is generally
larger than the true thickness. This effect is also seen
in the simulations presented here, which show the coalescence process happening more quickly than in the experiments. However, it is interesting to check the qualitative
behavior of the model against the experimental data.
The simulation predictions of the droplet radii and
neck growth are given in Fig. 14 for different offsets between the droplet centers. Despite over-predicting the
rate at which the changes occur, the simulation captures
well the essential features such as the spreading of the
impacting droplet to its maximum extent, and subsequent recoil. As observed experimentally, the simulations
predict very similar droplet radii when the offset of the
droplets is zero or 0.9 mm, and when the offset is 3.00 mm
the radii of the sessile and impacting droplets are essentially equal (as seen in Fig. 11). These results are also
consistent with the radii of the two droplets seen in the
footprints shown in Fig. 13, which show that for large offsets, the radius of the impacting droplet ends up smaller
than that of the sessile droplet.
The growth of the neck height again shows the different behaviour at different stages: the very rapid initial increase in height as the gap between the droplets is closed,
and the later, slower relaxation. However, the simulation
overpredicts the extent to which the impacting droplet
merges with the sessile one in the initial impact stage
(as can be seen by comparing Fig. 5 with Fig. 3). Hence
there is actually an initial peak in the neck height plot
(Fig.14), followed by a reduction in neck height as the
impacting droplet flattens. Again, the ‘neck’ is not distinct at this stage. Another cause for a slight discrepancy
between the simulation and experiment is that in the simCopyright (2011) American Institute of Physics.
This article may be downloaded for personal use only.
Any other use requires prior permission of the author
and the American Institute of Physics.
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FIG. 14: (Colour online) Evolution of the droplet and neck
features calculated from the lattice Boltzmann simulation.

ulation the neck height is calculated based on the local
minimum in the free surface height measured along the
centreline. Hence any concavity on the surface would
produce a lower value of the neck height since in the
experimental side view, it is impossible to see past the
higher, outer part of the droplet.
Note that the neck growth curves shown in Fig. 14
for an offset of 4.2 mm do not exhibit the complex behaviour seen in the other cases. This offset is very close
to the limit of separation (≈4.3 mm) that still allows coa10
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FIG. 15: (Colour online) Velocity fields calculated from the Lattice Boltzmann simulation of the coalescence of two droplets.
The droplet on the right had impacted the substrate at a time = 0 µs, the droplet on the left was deposited in a previous
simulation and is considered sessile; the droplet separation is 3.00 mm. Note that for clarity the velocity vectors are shown at
different scales in the two columns. The longest vector in the left-hand column corresponds to a speed of 1.5 m s−1 ; the longest
vector in the right-hand column represents 0.05 m s−1
.

with the experimental PIV presented in Figs. 7–9. The
footprint of the combined drop does not show as pronounced a ‘peanut’ shape as in the experiments, but with
the inclusion of contact angle hysteresis in the model it
does retain an elongated shape rather than relaxing to
the circular footprint that would result if no hysteresis
were present.
To give an indication of the speed of flow in the earlier stages of the impact and coalescence, the left-hand
column of Fig. 15 shows the expansion stage of the impacting drop. It is important to note the difference in
scale of the velocity vectors in the two columns, which is
essential to allow the flow structure to be seen. In the
left-hand column, the length of the longest vector represents a speed of 1.5 m s−1 . This indicates that the fluid
velocities that arise in the initial stage of the impact and
coalescence process are some 30 times greater than those
arising in the relaxation stage. This highlights the challenge in visualizing the internal dynamics of the droplets
in the earlier stages using PIV. The simulation results
also indicate that the pre-deposited droplet is essentially

lescence to occur. In this scenario, the impacting droplet
is almost at full stretch when it makes contact with the
sessile droplet. It is therefore effectively stationary at this
point, and coalescence proceeds in a manner very similar to that seen in the coalescence of two sessile droplets
[1, 4].
Fig. 15 shows the droplet impact simulation viewed
from below the substrate, mimicking the arrangement of
the experimental PIV system, and showing the calculated velocity vectors. The offset of the droplet centers
was 3.00 mm. The images in the left-hand column of the
figure show the spreading stage of the droplet deposition,
while those on the right show the retraction. Focusing on
the right-hand column, these show good agreement with
the generic features of the experimental PIV results of
Fig. 6: the flow is focused towards a point on the centreline between the neck and the center of the impacting
droplet. As in the experiments, the flow is mainly from
the right, consistent with the recoil of the droplet seen
in Fig. 3. The longest vector in the right-hand column
corresponds to a speed of 0.05 m s−1 , which is consistent
Copyright (2011) American Institute of Physics.
This article may be downloaded for personal use only.
Any other use requires prior permission of the author
and the American Institute of Physics.
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inert in the initial coalescence stage for this value of the
droplet offset.

recoils. For small offsets between the droplet centers, the
flow in each droplet is of a similar magnitude; as the separation increases, the sessile droplet becomes essentially
inert, with only a weak flow induced by the impact.
Side-view shadowgraph pictures of the same experiments were analyzed to determine the geometrical characteristics of the coalescence process. For small droplet
separations, the impacting droplet lands entirely on prewetted substrate, and the spreading process is similar
to the axisymmetric case, leading to a circular final footprint. For larger separations, the impacting droplet lands
on dry substrate, then spreads into the sessile droplet. In
such cases, the growth of the neck height, in particular,
highlights the difference between this impact-driven coalescence and the coalescence of two static droplets. The
neck height initially increases more rapidly in the impactdriven case, as the gap between the droplets is closed by
the rapid spreading of the impacting droplet. The neck
then becomes difficult to distinguish from the side view,
and the height levels off at the height of the fully spread
impacting droplet, before becoming more distinct again
as the droplet regains its height and coalescence proceeds
as in the static droplet case. When the droplet separation
is close to the maximum that still results in contact between the droplets, the impacting droplet is fully spread
when it meets the sessile droplet and coalescence then
proceeds in a very similar way to the case of two static
droplets.
The droplet impact and coalescence was also simulated
using a lattice Boltzmann method including a model for
contact angle hysteresis. The simulations slightly overpredict the speed at which coalescence takes place, but
capture the main features of the process. The comparison
of the experimental and computational results presented
here highlights two important points. First, the quantitative differences between the experimental and numerical
data demonstrate the need for good experimental visualization and quantification of flows, both internally and
externally, in order to validate computational methods.
Second, the numerical predictions of the fluid velocities
that arise in the early stages illustrate the challenges in
developing experimental systems capable of analysing the
internal dynamics of droplets in the early stages of impact and coalescence. Finally, it is remarked that pinning
of the contact line has a large influence on the formation
and evolution of the neck, and the shape of the final
footprint of the composite droplet. This aspect of the
flow warrants future investigation, and the droplet coalescence system described here is a particularly appealing
one for testing models of contact angle hysteresis.
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FIG. 16: (Colour online) Evolution of composite droplet
length calculated from the lattice Boltzmann simulation.

Fig. 16 shows computational predictions of the length
of the composite droplet as a function of time, for different values of the droplet separation. This is the equivalent of Fig. 12, but over a shorter time period. As in the
experiments, l is essentially unchanged when the droplet
offset is increased from zero to 0.9 mm, and the predicted
value compares very well with the experiments in these
cases. Agreement is less good at higher droplet offsets, for
which the simulations overpredict the degree of contraction of the composite droplet. This is attributed to the
simplicity of the model for contact angle hysteresis and
the complexity of the contact line behaviour in practice,
which leads to the non-trivial contact line shapes seen in
Fig. 13. It should be pointed out, however, that with no
hysteresis included, the ultimate composite length predicted by the simulations would be the same for every
case, because there would be no mechanism to prevent
the contact line from contracting to a circle.

IV.

CONCLUSIONS

An experimental configuration has been presented that
allows the visualization of the internal dynamics and surface motion of drops impacting and coalescing on a transparent substrate. In particular, the coalescence of a sessile droplet with a second droplet impacting on or adjacent to it has been explored, and a parametric study
conducted to reveal the effect of the sideways separation
of the droplets. Particle image velocimetry has been used
to obtain the internal velocity field within the coalescing
droplets during the recoil of the impacting droplet.
The velocity fields exhibit a locally radial flow inwards,
indicating a region of upward fluid motion consistent with
the elevation of the free surface as the impacting droplet
Copyright (2011) American Institute of Physics.
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Popinet, S. Zaleski, Phys. Rev. E, 63 046309 (2001).
[6] J. Eggers, J.R. Lister, H.A. Stone, J. Fluid Mech., 401
pp. 293-310 (1999).
[7] L. Duchemin, J. Eggers, C. Josserand, J. Fluid Mech.,
487 pp. 167-178 (2003).
[8] W.D. Ristenpart, P.M. McCalla, P.V. Roy, H.A. Stone,
Phys. Rev. Lett., 97 064501 (2006).
[9] K.H. Kang, S.J. Lee, C.M. Lee and I.S. Kang, Meas. Sci.
Technol., 15 1104 (2004).
[10] C. Verdier and M. Brizard, Rheologica Acta, 41 214
(2002).
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