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The dynamics of head-on collision between two identical droplets was experimentally and
computationally investigated, with emphasis on the transitions from merging to bouncing and to
merging again, as the collision Weber number was increased. Experimentally the stroboscopically
illuminated microphotographic images of two colliding droplet streams, generated through the
ink-jet printing technique, were acquired with adequate temporal resolution of the collision event
such that the instant at which the droplets merged for both soft and hard collisions was identified.
Using this empirical information as an input, the simulated collision images were found to agree
well with the experimental observations and allowed investigation of the collision flow field
including the energy budget and the fundamental differences between the soft and hard collisions
that lead to merging. It is further shown that the merging instant can be computationally assessed
through the use of an augmented van der Waals force to effect merging through rupturing of the
surfaces, with the associated Hamaker constant empirically but consistently extracted from the
experimental observations. © 2008 American Institute of Physics. �DOI: 10.1063/1.2841055�

I. INTRODUCTION

Recent studies on binary droplet collision1,2 showed a
nonmonotonic outcome in terms of merging and bouncing as
the collision intensity is varied. For the limiting situation of
head-on collision, four regimes of distinctively different out-
comes with increasing collision Weber number, We
=2��Vrel

2 R /�, were experimentally observed, where R is the
droplet radius, Vrel is the relative velocity of the droplets, and
�� and � are the density and surface tension of the liquid,
respectively. These four regimes are categorized according to
�I� permanent coalescence after minor droplet deformation,
�II� bouncing, �III� permanent coalescence after substantial
droplet deformation, and �IV� coalescence followed by sepa-
ration and the concomitant production of daughter droplets.
Typical experimental and computed collision images for re-
gimes I–III, which are the regimes of interest in the present
study, are shown in Figs. 1–4 and will be studied in detail
later. Experimental images for regime IV can be found in, for
example, Refs. 1 and 3. Clearly, it is of both fundamental and
practical interest to be able to describe the transition bound-
aries between these regimes. The transition between regimes
III and IV has been successfully described in Ref. 2 by as-
sessing whether the kinetic energy of the impact, plus the
surface energy of the impacting droplets, can be adequately
dissipated through the internal motion generated during im-
pact, such that the remaining energy is just sufficient to con-
stitute the surface energy of the spheroidized merged mass.

Phenomenologically, the propensity for bouncing or
merging is a consequence of the readiness with which the
gaseous mass in the interdroplet gap can be squeezed out of
the gap by the colliding interfaces such that they can make

contact at the molecular level, leading to their destruction
and thereby resulting in merging. The essential role of the
interdroplet gaseous film has been experimentally demon-
strated through the dependence of the collision outcome on
the density of the gas medium.2 Specifically, it was shown
that increasing density by increasing either the pressure or
molecular weight of the ambient gas promotes bouncing and
widens regime II, while the opposite holds by reducing the
density. Consequently, by progressively reducing the ambient
pressure, regime II eventually vanishes. As such, it was
found that regime II is eliminated for alkane droplets by
steadily decreasing the ambient pressure from 1 to 0.6 atm.
Similarly, while regime II does not exist for water droplets at
1 atm,1,4,5 it emerges as the system pressure is increased to
2.7 atm.2

Experimentally, studies on droplet collision have been
primarily limited to the observation of the global collision
images and the dependence of the collision outcome on the
system parameters. Because of the small scale involved, it
has not been possible to experimentally observe the dynam-
ics of either the droplet internal motion or the gas motion
within the interfacial gap. Consequently, computational
simulation has been employed to gain understanding of the
detailed collision dynamics. Notable efforts of this nature
include those by Unverdi and Tryggvason6 and Nobari et
al.,7 who used a front tracking method to trace the interface
movement in a Lagrangian manner while treating the multi-
phase flow field as a unified domain and solving the govern-
ing equations on a grid of Eulerian coordinates. A similar
study was conducted by Chin8 with a level set method. The
evolution of the droplet surface geometry was computed,
with substantial insight into the detailed properties of the
flow field. Furthermore, the simulated droplet contour agreesa�Electronic mail: cklaw@princeton.edu.

JOURNAL OF APPLIED PHYSICS 103, 064901 �2008�

0021-8979/2008/103�6�/064901/11/$23.00 © 2008 American Institute of Physics103, 064901-1

Downloaded 11 Nov 2008 to 140.112.113.225. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2841055
http://dx.doi.org/10.1063/1.2841055
http://dx.doi.org/10.1063/1.2841055


well with the experimental images for bouncing collisions. A
comparison for merging collisions, however, has proven to
be ambiguous because of lack of description for the merging
of the colliding interfaces. Fundamentally, since the numeri-
cal simulation was based on continuum mechanics while the
final stage of the interfacial dynamics leading to merging
must necessarily involve molecular forces and thereby also
rarified flow, lack of such basic information an the computa-
tional model renders it unfeasible to simulate the rupture of
the interfaces from first principles. This difficulty was cir-
cumvented by artificially, and quite arbitrarily, removing the
interfaces at a certain instant when they are sufficiently close
to each other. The fidelity of the simulation then depends on
the instant at which rupture is implemented, and it was also
found7,8 that the simulated dynamics depends very sensi-
tively on the specification of this instant.

The present study was motivated by our experimental
observation that the occurrence and instant of merging could
be identified through a distinct change in the contour of the
imaged interface and the recognition that such an instant
could be time resolved with sufficient accuracy such that, by
using it as an input to the computational simulation based on

continuum mechanics, the evolution of the experimental col-
lision images subsequent to merging can be satisfactorily
simulated. Investigations related to this effort will be pre-
sented first.

Having established the adequacy of this empirically en-
abled computational simulation approach, we shall study the
various issues related to the merging and bouncing aspects of
the collision dynamics, including the energy budget, the flow
field characteristics, and the evolution of the geometry and
dynamics of the interfacial gap. The emphases are on the
transition between bouncing and merging regimes and the
differences between the transitions from regimes I to II, and
II to III, which we shall designate, respectively, as soft and
hard collisions. The role of the van der Waals force in effect-
ing merging is also investigated.

II. FORMULATION AND NUMERICAL SPECIFICATION

The front tracking method adopted herein was developed
by Unverdi9 and discussed by Unverdi and Tryggvason.6 The
computational code is an axisymmetric version of the
method, described by Nobari et al.7 The droplets are initially

FIG. 1. �Color online� Merging collision sequence �in
regime I� near the soft transition boundary �WeS

=2.26� determined by computation �left� and experi-
ment �right�. Conditions: Tetradecane in 1 atm air, R
=107.2 �m, V0=0.305 m /s, We=2.25, and T
=0.415 ms.
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placed at each end of the z axis with an experimentally pre-
scribed distance z0. The Navier–Stokes equations are solved
for both gas and liquid phases in a unified domain:

���V�
�t

+ � · ��VV� = − �p + �g + � ·
1

Re
��V + �VT�

−
8

We
�

�s

�n��r − r f�da , �1�

where V, �, and p are the velocity, density, and pressure,
respectively, normalized by the initial droplet velocity V0

given by 2V0=Vrel for identical droplets, liquid density ��,
and the dynamic pressure ��V0

2, and t is time normalized by
R /V0. The Reynolds number Re is defined as ��V0R /�,
where � is the viscosity. In Eq. �1� the surface tension is
added as a delta function integrated locally over the immis-
cible interface within unit volume in order to render a singu-
lar force exerted by the droplet and is calculated over the
entire droplet surface. Furthermore, �g is a body force that is
turned off at a prescribed droplet separation before collision
and is merely used to provide the droplet with an initial
velocity with the solved velocity field of the surrounding
gas.7 The notations for volume and surface are for three di-
mensions but we have used their two-dimensional versions,

i.e., surface and line. Here � is twice the mean curvature, n
the outwardly directed unit normal vector at the droplet sur-
face, and r the space vector with the subscript f designating
the interface.

In the computation the grid lines are unevenly spaced,
with a minimum spacing of 0.002 at the center plane of
collision, and only a quarter of the domain is simulated be-
cause of symmetry. The distance between gridlines increases
smoothly as it moves away from the center plane. It is also
noted that the dimension of the interfacial gap is only about
O�10−3� that of the droplet size, indicating the substantial
disparity in the relevant physical scales of the phenomena
and the gentleness of the interfacial curvature developed
upon collision.

Details of the numerical approach, settings, and valida-
tion of convergence can be found in Refs. 10 and 11.

III. EXPERIMENTAL SPECIFICATIONS

The experimental apparatus and procedure are those of
Jiang et al.1 and Qian and Law.2 Here two identical nozzle-
generated streams of droplets of uniform size were made to
impinge onto each other. Time-resolved images were taken
through stroboscopy synchronized with the droplet genera-
tion circuit, whose resolution was about 5 �s. However, due
to the unavoidable unsteadiness in droplet generation, the
actual temporal resolution was about 15 �s. A digital imag-
ing system then accurately time resolved the collision event,
recorded the droplet image, and processed the data. This
yielded the fine temporal resolution of the transitional behav-
ior between different regimes and is critical in determining
the instant of rupture of the interfacial gas film. The entire
apparatus was housed in a chamber whose pressure can be
varied between 0.1 and 20 atm. Only head-on collision
events were studied. Most of the investigations were con-
ducted using n-tetradecane.

IV. GLOBAL COLLISION DYNAMICS

In this section the experimental and computational colli-
sion images of tetradecane droplets in 1 atm pressure are
compared, emphasizing the phenomena of merging and
bouncing around the transitional boundaries of soft and hard
collisions.

A. Experimental and simulated images of bouncing
and merging

Figures 1 and 2 show the experimental and computed
droplet collision sequences illustrating the soft transition
from merging to bouncing with increasing Weber number,
while Figs. 3 and 4 illustrate the hard transition sequences,
from bouncing to merging. In the following discussion, t is
time normalized by the droplet oscillation period, T
=2����R3 /8��1/2, based on inviscid droplet oscillation with
small amplitude.12 The real time is indicated in the figures as
well.

Figure 2 shows that, for the bouncing case, the simula-
tion agrees well with the experimental data in terms of
matching the overall deformed droplet configuration and col-
lision phase. For the merging case �Fig. 1�, it was found that,

FIG. 2. �Color online� Bouncing collision sequence �in regime II� near the
soft transition boundary �WeS=2.26� determined by computation �left� and
experiment �right�. Conditions: Tetradecane in 1 atm air, R=170.6 �m, V0

=0.243 m /s, We=2.27, and T=0.831 ms.
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by gradually adjusting the synchronization time between
droplet generation and strobe lighting, there exists a narrow
range in time over which the cuspy contour between the two
droplets abruptly becomes smooth, as shown for the con-
secutive images obtained at the instants of t=0.916 and
0.953, corresponding to a physical duration of about 15 �s,
which is the resolution of the collision instant. Using the
average of these consecutive times �t=0.935� as the instant
of surface rupture, at which the impinging interfaces separat-
ing the liquid and gas phases are removed, the computed
sequence of collision images of Fig. 1 shows very close
agreement with the experimental sequence. Furthermore, the
state of merging is seen to take place around that of maxi-
mum deformation, within the resolution of the images
shown. We shall show in due course that merging actually
occurs slightly beyond the attainment of maximum deforma-
tion.

To demonstrate the sensitivity of the computed dynamics
on the timing of the rupture of the interfaces, Figs. 5�a� and
5�b� show, respectively, the computed evolutions subsequent
to an earlier ��t=−0.078� and a later rupture ��t=0.151� for
the sequence of Fig. 1. The comparison shows substantial
differences between the computational and experimental
phases in that earlier and later rupturings generate, respec-
tively, leading and lagging phases.

When We is increased to the hard collision transition
boundary, WeH, the collision outcome changes from bounc-

ing to merging, as shown in Figs. 3 and 4, respectively. In
Fig. 4, the experimental time for rupture, as defined by the
smoothing of the interface cusp, was found to be 0.446
�0.368 ms�. By using this value as the rupture time, good
comparison between the computed and experimental results
is again observed. It is also noted that merging in this case of
hard collision occurs as the deformed droplet is flattened to a
disk shape while the incoming mass at the center of the rear
face is still heading forward, as shown for the time interval
of t=0.443 and 0.545 in Fig. 4. This behavior is distinctively
different from that of regime I in which the breakup of the
interfaces occurs subsequent to the attainment of the maxi-
mum deformation and the droplets have started to retract.
Thus although the forward motion of the rear face of the
droplet could not be experimentally imaged at t=0.545 and
0.606 as they were obscured by the annular rim, the indented
shape of the droplet was captured by the computation.

The above results therefore support the adequacy and
accuracy of the computational simulation, the suggestion of
identifying the instant of rupture by that of the change in the
interface contour, and the feasibility of using this instant to
simulate the global collision event with merging.

Having established the fidelity of the present empirically
enabled simulation of the collision dynamics, we shall study
in the following various issues related to bouncing and merg-
ing in droplet collision.

FIG. 3. �Color online� Bouncing collision sequence �in
regime II� near the hard transition boundary �WeH

=12.3� determined by computation �left� and experi-
ment �right�. Conditions: Tetradecane in 1 atm air, R
=167.6 �m, V0=0.496 m /s, We=9.33, and T
=0.811 ms.
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B. Evolution of the energy budget

The total energy of the flow field consists of surface
energy, kinetic energy, and the cumulative viscous dissipa-
tion energy. Since the energy conservation equation was not
solved in the simulation, these energy components were
evaluated through the velocity and density fields as well as
the surface geometry. For example, the viscous dissipation
rate, given by13

� = ��2� �u

�r
�2

+ 2�u

r
�2

+ 2� �w

�z
�2	 + �� �u

�z
+

�w

�r
�2

−
2

3
��1

r

��ru�
�r

+
�w

�z
	2

, �2�

consists of three sources that represent, respectively, effects
due to the normal strain, the shear strain, and volumetric
dilatation, with the last being much smaller than the other
two due to incompressibility. At the state of merging, all
surfaces interior to the circumference of the cusp are re-
moved, with the associated surface energy implicitly as-
sumed to be either dissipated thermally or stored as surface
energy of small, secondary drops that may form when the
interstitial gap is ruptured.7

The evolution of the various energies of the colliding
droplets corresponding to the bouncing and merging cases of
Figs. 2 and 1 are shown in Figs. 6 and 7, respectively. For the
bouncing case of Fig. 6, it is seen that although energy con-
servation is not explicitly included in the numerical scheme,
the total energy, obtained by summing the accumulated dis-
sipation loss with the surface and kinetic energies, is con-
served. This indicates that the velocity field and the surface
geometry are resolved well. The results show that the state of
the largest deformation, at t=0.843, is characterized by the
maximum surface energy and minimum kinetic energy. Vis-
cous dissipation, as indicated by the viscous dissipation rate,
is initiated at an early stage, around the instant of contact
when the kinetic energy starts to decrease and before signifi-
cant deformation. Furthermore, since the surface energy of
the bouncing case remains unchanged from the initial value
after the droplet has resumed its spherical shape, the loss of
KE is completely converted to DE.

For the merging case of Fig. 7, since a certain amount of
the interfacial surface area is removed at the instant of merg-
ing, surface energy, and hence the total energy, is reduced
abruptly after the numerical rupture. It is seen that rupturing
occurs shortly after the colliding mass has achieved its maxi-
mum deformation, with the surface energy attaining its cor-

FIG. 4. �Color online� Merging collision sequence �in
regime III� near the hard transition boundary �WeH

=12.3� determined by computation �left� and experi-
ment �right�. Conditions: Tetradecane in 1 atm air, R
=169.7 �m, V0=0.596 m /s, We=13.63, and T
=0.826 ms.
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responding maximum value. Furthermore, upon rupture, a
spike in the viscous dissipation rate is generated, which in
turn contributes to a rapid increase of the cumulative dissi-
pation energy. This spike results from the perturbation of the
local flow field due to the sudden connection of the inter-
faces. It is further seen that, subsequent to merging, the
merged mass undergoes oscillation, leading to additional vis-
cous energy loss.

For the bouncing case with We larger than that of Fig. 6
but smaller than WeH�=12.3�, Fig. 8 shows that since the
collision is now more energetic, the relative amount of the
kinetic energy is increased while the surface energy is re-
duced. Furthermore, the substantial distortion of the droplet
results in a relatively large dissipation, while the kinetic en-
ergy is greatly reduced after collision because of the substan-
tial viscous energy loss.

For the merging case at a higher We�=13.63�, around
WeH, Fig. 9 shows the reduction of surface energy at the
instant of merging, leading to a strong dissipation rate in the
same manner as that of Fig. 7. The merging, however, occurs
at an earlier phase of the collision as compared to the soft
collision case of Fig. 7 because of the stronger impact iner-
tia. Furthermore, there is also a second spike of the dissipa-
tion rate, caused by oscillation of the merged mass. This
leads to a further dissipation of the kinetic energy such that
the merged mass would be able to contain all the energy
through its surface tension and remain as a single, spherical
entity.

In summary, comparing the merging outcomes for the
soft and hard collisions �Figs. 7 and 9�, it is found that in
terms of the fractional distribution of the various forms of
energy, soft collision has relatively small kinetic energy and
large surface energy. It also suffers less distortion and hence
less dissipative loss. Merging through hard collision, how-

FIG. 5. �Color online� Computed merging collision sequences near the soft
transition boundary for the experimental sequence of Fig. 1 assuming
slightly �a� earlier ��t=−0.078� and �b� delayed ��t=0.151� merging in-
stants, demonstrating the sensitivity of the collision event to the instant of
merging.

FIG. 6. �Color online� Energy components of the colliding droplets vs time
near WeS for bouncing �We=2.27�. Legend: KE is total kinetic energy, DE
is total dissipation energy, SE is surface energy of the drop, TE is total
energy, and VDR is viscous dissipation rate multiplied by unit time, each
normalized by the initial energy of a single droplet.

FIG. 7. �Color online� Energy components of the colliding droplets vs time
near WeS for merging �We=2.25�. Same legend as that of Fig. 6.

FIG. 8. �Color online� Energy components of the colliding droplets vs time
near WeH for bouncing �We=9.33�. Same legend as that for Fig. 6.
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ever, suffers more loss in the mechanical energy, which is
composed of both surface and kinetic energies. This is be-
cause hard collision has relatively more kinetic energy,
which is eventually transformed to surface energy through
substantial deformation during and after contact. Conse-
quently by removing the interface upon merging, a relatively
large amount of energy is lost as well. It is also seen that
evolution of the dissipation rate is similar to that of kinetic
energy, which attains a local maximum as the surface energy
is minimized with the spherical shape restored.

C. Spatial distribution of flow properties

Further insight into the dynamics of soft versus hard
collisions can be gained by examining the spatial profiles of
pressure, velocity, and viscous dissipation.10 These results
show that for the soft bouncing situations, there is strong
dissipation around the opening of the gas film at the early
and late phases when the droplet is about to deform and to
recover its spherical shape, respectively. By analyzing each
component of the motion, it is found that the shear strain
contributes predominantly to the viscous dissipation. Fur-
thermore, the distribution of the velocity vectors indicates
that the flow is turned sharply outward in the radial direction
as the interfaces approach each other and squeeze the inter-
vening gas out of the interfacial gap �t=0.361, Fig. 10�a��,
and is turned sharply inward as they rebound and entrain the
surrounding gas into the interfacial gap �t=1.505, Fig.

10�b��. Therefore, there exists a high pressure source in the
gas film during the approaching period and a low pressure
sink during the receding period.

In addition to the gas phase, dissipation also occurs
within the droplet, caused by the compression induced by the
forward motion of the rear part of the droplet, as well as
around the waist of the deformed droplet as a result of the
recirculation of the surrounding gas. These dissipation
sources, however, are extremely small relative to the total
energy. This is physically reasonable because soft collision
associated with small kinetic energy leads to small and slow
deformation, resulting in weak strain rates in the liquid.

If the approaching interfaces are ruptured as We is
slightly reduced from WeS, the development before the onset
of merging is similar to that of bouncing, although the sub-
sequent dynamics is quite different, as shown in Fig. 11.
Specifically, before rupturing, the surrounding gas is already
entrained into the interfacial gap �Fig. 11�a�� and dissipation
is generated at its opening to the ambience. Immediately af-
ter rupturing, the connected interfaces with negative curva-
ture contract rapidly due to surface tension and strong recir-
culation is produced as depicted by the velocity vectors in
Fig. 11�b�. This then leads to a high dissipation rate around
the region of connection, and consequently a substantial in-
crease in the global dissipation rate, as shown in Fig. 7. This
region expands outward along the droplet surface, being
pulled by the surface tension exerted at the expanding rim of
the merged interface. The subsequent evolution is governed
by the velocity and pressure fields balanced with the surface
tension, resulting in prolonged and contracted oscillations
whose periodicity is of the order of the natural oscillation
time, as shown in Fig. 7.

For bouncing at higher We close to WeH, the droplet
spreads out into a disk shape due to its larger impact inertia.
The dissipation loss is caused not only by the squeezed gas
during the approaching and receding phases in the same
manner as that for soft collision but also by the strained
liquid as the droplet is deformed. However, while dissipation
in the gas in soft bouncing is about 14% of that in the liquid,
it becomes much smaller in hard collisions. This is due to the
fact that substantial dissipation is present in the liquid for a
longer time while in the gas, it exists only for a short period
in a small region when the interdroplet gap is greatly
squeezed. The present result therefore confirms the previous

FIG. 10. �Color online� Distribution of
velocity vectors at �a� t=0.361 and �b�
t=1.505 for the bouncing case near
WeS �We=2.27�.

FIG. 9. �Color online� Energy components of the colliding droplets vs time
near WeH for merging �We=13.63�. Same legend as that for Fig. 6.
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assumption1,2 that viscous dissipation is negligible in the gas
phase for collisions with large deformation. The region of
high dissipation rate starts from the waist when the imping-
ing liquid flow is turned outward in the radial direction �t
=0.580�. It is then swept along the droplet surface toward the
indentation at the rear portion where the incoming flow mo-
tion is stopped, when t is slightly smaller than 1.049, as
shown in Fig. 3.

The flow structure for the merging collision with We
slightly larger than WeH is similar to that of regime I in that
immediately after rupture of the interfaces, the ensuing mix-
ing of the flow induces recirculation due to the outward mo-
tion of the connected surface segment, which leads to a
strong strain rate �t=0.485� and a period of substantial vis-
cous loss, and thus generates the first spike shown in Fig. 9.
The second spike in the dissipation rate occurs at t
0.635
and is caused by the oscillating dimple of the deformed drop-
let, which lasts about 1 cycle as seen in the sequential im-
ages in Fig. 4, from t=0.448 when the liquid flow is imping-
ing until t=0.703 when the flow is returned and an ejected
bulge is formed. The contracting and protruding phases of
the oscillating surface correspond to two local maxima of the
surface energy as shown in the evolution of the energy bud-
get �Fig. 9, t
0.585 and 0.715, where a local minimum
between them represents the neutral position of the oscilla-
tion�. This is a consequence of the balance between the im-
pinging inertia and surface tension, which induces a high
strain rate and hence substantial dissipation. Specifically, the
local pressure minimum at the surface indentation indicates a
sink caused by the substantial deformation and negative cur-
vature, which then entrains the liquid at the sides. Conse-
quently a growing bulge is generated at the center, similar to
that of the bouncing case. Because of merging, however, this
bulge is now pulled back, as shown at t=0.703, and moves
outward in the radial direction due to expansion of the
merged interface �t=0.818�. It ends in an oscillatory motion
that is analogous to the natural oscillation of a spherical
droplet.

V. DYNAMICS OF THE GAP CONTOUR

The following discussion is based on the shape and
minimum separation distance between the droplet interfaces.

A. Evolution of the gap contour

Figure 12 shows the temporal variation of the shape of
half of the interfacial gap, h�r�, during collision, with We
=2.26. It is seen that as the interface approaches the symme-
try plane, the high pressure buildup in the direction of the
lines connecting the centers causes indentation on the droplet
surface such that the minimum clearance takes the form of a
ring concentric along the line of centers. Such “dimples” are
well-established phenomena and have been extensively ob-
served during the drainage of axisymmetric films.14 We also
note that the appearance of the severity of the curvature of
the interface in the present plots is greatly exaggerated due to
the significant disparity between the radial and axial scales.

It is further seen that as the droplet surface approaches
the maximum deformation with increasing flattening of its
global shape, the indentation in the center increases while the
size of the minimum clearance ring expands. After the drop-
let has reached its maximum deformation at t=0.91, most of
the initial droplet kinetic energy is transformed into the sur-
face tension energy. At this stage, the droplet starts to con-
tract due to surface tension and rebound by the contracting
flow inside. This is depicted by the dashed lines, which show
the gap evolution for t	0.91 after the droplet has reached
maximum deformation. As the droplet bounces away, relief
of the pressure in the gas gap causes the radius of the clear-
ance ring to decrease and the gap to widen. Then between
t=1.45 and 1.50, a positive pressure difference is generated

FIG. 11. �Color online� Distribution of
velocity vectors at �a� t=0.916 and �b�
t=0.953 for the merging case near
WeS �We=2.25�.

FIG. 12. �Color online� Evolution of interdroplet gap geometry for tetrade-
cane in 1 atm air with We=2.26 �R=170.6 �m, V0=0.243 m /s, and T
=0.831 ms�.
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by the higher pressure within the liquid and the lower pres-
sure in the gas gap, causing the indented surface to “buckle”
rapidly. This renders the minimum clearance position to
switch back from the rim to the center, resulting in an abrupt
reduction in the effective minimum gap width even as the
interfaces are receding from each other globally.

B. The role of the minimum gap width

To further investigate the propensity of bouncing versus
merging with respect to the width of the gas gap, we have
tracked the evolution of the interface boundary for the
merged states around the soft �Fig. 13� and hard �Fig. 14�
transition boundaries �for A*=0, A* is to be introduced later�
by plotting the center clearance, hcenter, and the minimum gap
clearance at the rim, hrim, as functions of time. The instants
of merging were noted from the experiments but were not
implemented in the simulation so that hrim and hcenter are
shown in order to provide an indication of their movements.
It is seen that, in general, during most of the collision event,
the indentation is present causing hcenter	hrim, while during
the initial and final stages, the reverse holds, with hcenter rep-
resenting the minimum distance when the indentation is ab-
sent. Buckling of the indentation is clearly completed beyond
the state of the second minimum.

Using the experimental rupture time as a marker, it is
seen that rupturing of the impinging surfaces for the soft
collision occurs after the interfaces have reached the shortest
separation distance and the center of the indentation �hcenter�
has started to recede from each other, while rupturing for the
hard collision occurs before the gap of the rim has reached
its minimum value. Thus while merging may have occurred
at the rim for both soft and hard collisions, it takes place
during the receding and approaching phases of the interface
motion, respectively. This result is consistent with the experi-
mental observations and the computed flow fields and energy
budgets noted earlier.

Anticipating the dominance of the intermolecular attrac-
tion force during the last stage of the merging process, we
next study the dynamics of the gap contour with the presence
of such a force.

VI. DYNAMICS OF MERGING

A. Simulation of merging with augmented van der
Waals force

To attempt a simulation of the interface merging with
molecular force, we first note that the calculated minimum
gap distance for collisions resulting in merging is about
0.2 �m, which is an order of magnitude larger than the range
for the van der Waals force to be effective. Thus some es-
sential physics is missing in the simulation, which will be
discussed later. It is, however, reasonable to conduct a simu-
lation by artificially increasing the magnitude of the van der
Waals force, with the extent of augmentation determined by
the empirical state of merging. Through such a simulation,
the characteristics of the merging dynamics due to molecular
attraction can be assessed.

The influence of the van der Waals force can be incor-
porated in the formulation by adding a “negative” pressure at
the droplet surface, i.e., A / �6��3�, where A is a coefficient
and � the interdroplet separation. It is treated as a surface
force and is smoothed out by means of the immersed tech-
nique in the same manner as that for the surface tension. This
attractive force, which is inversely proportional to the cubic
power of the separation distance of the interface, was derived
based on two flat plates with semi-infinite extent.15 This con-
figuration is justified for the present situations in that the
surface at the closest approach of the rim does locally ap-
proach a flat shape, with the axial variation of the front po-
sition being about two to three orders smaller than that in the
radial direction. Since the attraction is extremely sensitive to
the interdroplet separation, its influence prevails around the
rim which has the shortest separation distance. We are inter-
ested in assessing if force of this nature can provide suffi-
cient attraction to effect merging.

Using A*=A / ���V0
2R3�=1.6
10−5, Fig. 15 shows that

the interface, especially that at the rim, now accelerates to-
ward the symmetry plane. This is further demonstrated in
Figs. 13 and 14, in which the accelerative temporal variation
of the hrim is shown. In the simulation, if the interfaces were
not manually removed when they became very close, the
computation would eventually diverge, indicating the onset
of merging. Asymptotic theories that assume certain limit

FIG. 13. �Color online� Evolution of hcenter and hrim for soft tetradecane
droplet collision with merging in 1 atm air for We=2.26 �A*=0�. The hrim

associated with the augmented van der Waals force are also shown, for
which A*�0.

FIG. 14. �Color online� Evolution of hcenter and hrim for hard tetradecane
droplet collision with merging in 1 atm air for We=13.63 �A*=0�. The hrim

associated with the augmented van der Waals force are also shown, for
which A*�0.
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conditions such as small We have also predicted similar evo-
lution of the droplet surface before rupturing.16 It was thus
determined that, to effect merging, the dimensionless force
coefficient A* falls within the range of 10−6–10−5, which
corresponds to A being about 10−15 J. It was further found
that the occurrence of the attractive movement is sensitively
affected by the value of A. For example, Fig. 13 shows that
while A*=0.8
10−5 fails to bring the surfaces close enough
for merging to occur, merging is effected by using a slightly
larger value of 2.4
10−5. Narrowing A* to 1.6
10−5 �A
=1.39
10−15 J� then results in merging at the experimen-
tally observed instant. Similarly, for the hard collision situa-
tion of Fig. 14, a value of 2.0
10−6 for A* �A=2.65

10−15 J� was found to reproduce the experimentally ob-
served merging time.

In reality, A=�2q2� is the Hamaker constant and is de-
termined by the atomic density �q� and London–van der
Waals constant of the interacting materials ���, with modi-
fied effects of the immersion fluid.15 It is always positive for
particles of the same material and thus generates attraction.
The magnitude of A is generally between 10−21 and 10−18 J
and is about 5.0
10−20 J for liquid tetradecane in vacuum.

Since the force coefficients used in effecting merging in
Figs. 13 and 14 are of the order of 10−15 J, which is substan-
tially larger than the Hamaker constant of 10−21–10−18 J, the
approach distance is too large for the van der Waals force to
be effective as anticipated earlier. However, if the interface
separation distance is one order smaller, e.g., changing from
0.2 to 0.01 �m, and since the attractive force varies in-
versely with the cubic power of the separation distance, our
calculated coefficient A would fall in the range for the inter-
molecular force to take substantial effect. The result there-
fore is consistent and substantiates the merit of using the
augmented Hamaker constant to investigate the merging dy-
namics.

The above results also indicate that some other factors
could be present and would have allowed the interfaces to
approach each other closer than calculated, thereby effecting
the observed merging. These are discussed next.

B. Additional factors affecting merging

Since the characteristic dimension of the interdroplet
film is close to that of the rarified gas regime, which is about
0.1 �m at atmospheric condition, the Knudsen number, rep-
resenting the ratio of mean free path to the characteristic
length, is an O�1� quantity. It is therefore reasonable to sug-
gest that a proper rarified gas treatment would have resulted
in a lower pressure within the gap, which would have al-
lowed the interfaces to approach each other closer and sub-
sequently trigger the molecular attractive force. Indeed, in-
vestigations of this nature have been conducted analytically
for solid particles with small deformation in collision by
Hocking,17 Barnocky and Davis,18 and Sundararajakumar
and Koch.19 By implementing the Maxwell slip boundary
condition or solving the linearized Boltzmann equation, it
was found that when the interparticle gas gap becomes as
small as the mean free path or less, the mass flux drained out
is modified and the resistant force in the lubrication layer is
reduced as compared to that predicted based on continuum
mechanics. Consequently the singularity of the lubrication
force as the film thickness approaches zero, which results
from the inverse proportionality between the repulsive force
and gap thickness, is avoided and the particles are able to
make contact.

Another possible factor that restrains the interfaces from
moving toward each other is the neglect of compressibility
during collision, which excludes the variation of density with
pressure. This effect has been studied in particle collisions by
asymptotic analyses.20–22 Since the gas is squeezed as the
gap becomes small, the pressure, as well as density, can be
elevated substantially. Recognizing that the Reynolds num-
ber of the gas flow in the gap is O�1�,2,23 the inertial and
viscous terms are of equal significance in balancing the driv-
ing pressure. By equating ��p /�r��2�g��2u /�z2�, where u is
the radial velocity and �g is the gas viscosity, and by using
mass conservation, V0

�Rh�uh, based on characteristic di-
mensions of �Rh�1/2 and h for r and z directions, respectively,
and in an approximation assuming parabolic shape of the
interface,21,24 the order of the pressure difference across the
channel is found to be 2�gV0R /h2. If this term is comparable
to the pressure of the ambient gas p0, i.e., the separation
distance is at hcomp��2�gV0R / p0�1/2, compressibility will
then play a significant role in the drainage such that the den-
sity change needs to be considered in mass conservation.22

These previous analytical studies showed that compressible
effects could reduce the lubrication force in the gas gap as
compared to the incompressible results and hence promote
the propensity for particles to come closer. In the current
condition, hcomp is of the order of 0.1 �m and thus compress-
ibility could also have lowered the pressure in the gap, lead-
ing to a closer approach.

VII. CONCLUDING REMARKS

In the present investigation, we have experimentally and
computationally studied the head-on collision dynamics of
two impinging droplets. The crucial factor responsible for
the success of the present study is the ability to experimen-
tally identify and resolve the instant of merging, at which the

FIG. 15. �Color online� Accelerating surface movement in the presence of
augmented van der Waals force; A*=1.6
10−5 �soft tetradecane droplet
collision in 1 atm air for We=2.26�.
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cuspy curvature of the unmerged interfaces suddenly
smoothens. Using this empirically supplied information in
the computational simulation, the various aspects of the
droplet collision dynamics, especially those associated with
merging, were satisfactorily simulated with confidence.
Analysis of the evolution of the energy budget shows that
viscous loss in the gas phase is substantially smaller than that
in the droplet, especially for hard collisions, thereby justify-
ing the previous assumption1 of negligible gas-phase dissipa-
tion situations involving hard collisions. It is further shown
that merging through soft collision �from regimes II to I�
occurs subsequent to the attainment of maximum deforma-
tion and the droplets have started to recede from each other,
while merging through hard collision �from regimes II to III�
occurs relatively early in the collision process, when the in-
terfaces approach each other.

It is also demonstrated that merging can be effected by
using an augmented van der Waals force that compensates
for the failure of the present continuum description to bring
the colliding interfaces to within the range of molecular at-
traction. It is emphasized that while such an approach is
empirical, the extent of the augmentation is consistent with
the difference between the calculated closest distance of ap-
proach and the range of the van der Waals force. Further-
more, the satisfactory agreement between the experimental
and computed results supports this approach. Indeed, there
are many approaches of this nature, in which a macroscopic
description of a microscopic phenomenon is enabled through
the use of some empirically but self-consistently determined
parameter. As such, the potential utility of the augmented
Hamaker constant extracted herein in the study of continuum
flows affected by surface forces merits further exploration.
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