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Rotational separation after temporary coalescence in binary droplet collisions
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Collision between two droplets plays a critical role in a wide range of processes,
including raindrop formation, nuclear reactions, atomization and spraying in combustors,
and various cooling, coating, and painting techniques. It is known that when two droplets
collide nearly head-on, they may coalesce temporarily and then separate when the impact
energy is so large that the rebounding motions of internal flows tend to stretch out and
break the merged droplets. If the impact is sufficiently off-center, however, two distinct
mechanisms have been argued to cause breakup exclusively. That is, separation has been
reported to occur above a threshold of increasing impact angle (as characterized by an
impact parameter, B), due to either stretching or rotational dynamics, whereas only one of
them is supposed to cause the transition from permanent coalescence to separation. There-
fore, which one renders the sole mechanism leading to off-center separation is not clear
in the literature. This has been a discrepancy in the past decades, considering the fact that
both mechanisms have been used, respectively, in different studies to interpret and analyze
the transition criteria. To resolve this ambiguity, here we demonstrate experimentally a new
regime, named rotational separation, which is governed by the coupling of outer rotating
flow and center rebounding flow in the tentatively united drops. This regime occurs at an
intermediate B, in contrast to that dominated by stretching kinetics created at a slightly
larger B. It thus indicates simultaneous existence of the two regimes but in different range
on a phase diagram. Along with numerical simulations and physical models, we elucidate
the two scenarios of off-center separations comprehensively and solve the long-standing
puzzle.
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I. INTRODUCTION

Collision between two droplets is an important element in fluid dynamic subjects including,
e.g., formation of raindrops [1], operation of nuclear reactors [2,3], spray combustion in liquid-
fueled combustors [4], firefighting via liquid injection [5], and various applications of spraying
processes such as painting, coating, and cooling. The studies in the past decades have unveiled
the basic structures and mechanisms leading to various outcomes after collisions between two
droplets. Typically, they can coalesce, rebound, and temporarily coalesce followed by separation,
concomitant with a few daughter droplets [6], or immediate splattering into many satellite droplets
from the rim of an ejected lamella [1,7]. Based on two key parameters, the behaviours can be
classified in a phase diagram indicative of the typical regimes from I to V [8], as shown in Fig. 1.
The relative importance of inertia and surface tension is described by the Weber number, We =
ρU 2D/σ , where U is the relative velocity of droplets, D the diameter, and ρ and σ respectively
the density and surface tension. The effect of colliding angle is given by the impact parameter,
B = χ/D, where χ is the projection of the separation distance between the droplet centers in the
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FIG. 1. (a) A regime diagram is summarized in terms of We and B using the present experimental results
of dodecane at 1 atm (Oh = 0.0126, D = 0.6 mm). The inset presents the sequence of bouncing between two
impinging droplets (one dyed in red) with time being expressed in millisecond (We = 34.78, B = 0.704).
(b) An enlarged view of the transition between (I) and (II). As a general regime diagram for various liquids
[8], (I) and (III) indicate permanent coalescence, (II) refers to bouncing, (IV) designates reflexive separation,
and (V) indicates stretching separation (the latter two named by Ref. [12]). The regime indicating substantial
breakup and splattering into many satellite droplets from the rim of an ejected disk at early stage [7] is created
at much higher We and not included herein. The newly identified regime of rotational separation is designated
as (VI), whose boundary is delineated by a dash line. The symbols: , coalescence; , stretching/reflexive
separation; , bouncing; , rotational separation. The impact geometry with corresponding parameters are
illustrated in the schematic.

direction normal to the relative velocity vector U. Thus B = 0 indicates head-on collision and B = 1
designates glancing impact.

When We is sufficiently large, there is high possibility for droplets to coalesce temporarily and
separate afterwards, tending to create more daughter droplets when We becomes larger. As shown
in Fig. 2(a) for reflexive separation which is generated at a small B, i.e., in regime IV, breaking
is resulted from the rebounding motions of the droplets when the impact is nearly head-on. The
scenario can be understood unambiguously throughout the entire process that shows flattening and
elongation followed by separation of the temporarily united drops.

For collisions at sufficiently high B, however, two different mechanisms have been reported
to be responsible exclusively for the off-center separation, as referred to regime V. On the one
hand, based on experimental observations of rotational motions after coalescence of two water
droplets, a criterion for onset of ensuing disruption is given by balancing surface tension force
and angular momentum [6] or via an evaluation of the rotational energy against surface energy [9]
with increasing B. Similar accounts based on the angular velocity or centrifugal forces are reported
in Refs. [10,11]. While the theoretical treatments of these studies appear to differ from each other,
the dominating mechanisms have been assumed essentially to correlate with rotational dynamics.

On the other hand, in Ref. [12], stretching mechanics was claimed to take over the breaking
before significant rotational motion could be observed. Specifically, the temporarily merged droplets
separated soon due to inertia of the sliding zone [SZ, the part on the flanks without direct impact, as
illustrated in Fig. 1(a)] that tended to shear off the colliding masses out of the region of interaction
at the center (RI, the hatched area). This process is reproduced in the present experiment, as shown
in Fig. 2(b). Therefore, a regime of stretching separation was identified when B became sufficiently
large, in contrast to the formation of reflexive separation [Fig. 2(a)] due to internal rebounding
motions of the impinging flows after merging in nearly head-on collisions. Many studies were
conducted along this line to identify the mechanism and the boundary of transformation [13,14].
Nonetheless, the experimental images of Ref. [8] indicated significant motions of rotation after
merging of two tetradecane droplets colliding at a high B that was supposed to fall in the regime of

123602-2



ROTATIONAL SEPARATION AFTER TEMPORARY …

FIG. 2. The sequences of experiments for dodecane droplets (one dyed in red) at 1 atm (Oh = 0.0126,
D = 0.6 mm) present (a) reflexive separation (We = 33.60, B = 0.002), (b) stretching separation (We = 35.04,
B = 0.547), (c) 3D VOF simulation of (b) showing the mass distribution in the symmetry plane of computation,
(d) rotational separation (We = 35.40, B = 0.420), (e) 3D simulation of (d) showing the mass distribution
in the symmetry plane of computation, and (f) coalescence in the range of B between that of (V) and (VI)

(We = 35.13, B = 0.470). The time is expressed both in millisecond and T = π

4

√
ρD3

σ
. The corresponding

locations of the cases on the regime diagram are marked in Fig. 1(a).

stretching separation. Though being distinct from that of Ref. [12], this observation was consistent
with the analyses of earlier studies in Refs. [6,9] for water droplets. An ostensible difference in the
two patterns was the occurrence of considerable rotation over 180° in the latter, whereas stretching
separation was generated soon after impact without noticeable rotation. Based on the two distinctive
mechanisms, different models have been proposed, leading to pronounced variations in the transition
boundaries, as compared in Ref. [12] for several inviscid theories.

These seemly contradictory results have given two disparate ways for understanding the scenarios
of off-center collisions, which have puzzled researchers in the decades. The subsequent studies have
mostly sorted the regime of off-center separation (V) to stretching separation, characterized by a
transition boundary against the regime of coalescence (III) formed at lower B. But this obviously
raises a question regarding how to interpret the rotational motions as observed by the others [6,8] on
causing breakup of the united drops. The problem can be solved by the present finding in that, the
regime exhibiting substantial rotations of merged drops, as shown in Fig. 2(d), is actually formed
exclusively in a separate zone with B slightly smaller than that of stretching separation, for various
liquids tested [Fig. 1(a)]. This regime is hence categorized as rotational separation, regime VI, while
(V) is now referred unambiguously to stretching separation only.

In view of the remarkable discrepancy and significance of the governing mechanisms in related
studies of various fields [13–22], the present work provides comprehensive interpretation and a
model to elucidate the physical behaviors while taking into account both effects of surface tension
and viscosity.

II. EXPERIMENTAL APPROACH AND OBSERVATION

To collect a large number of data for delineating precisely the regimes of various collision
outcomes, we have adopted a conventional drop-on-demand technique for generating droplets at
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FIG. 3. (a) 3D plot of regimes IV, V, and VI in terms of We, Oh, and B. The results of three cases, i.e.,
Oh = 0.0268, 0.0483, and 0.0592, are shown in (b)–(d), respectively. Here Oh ranges from 0.0044 to 0.0592;
the test samples and conditions can be seen in Appendix A. The 3D surfaces in (a) are simply constructed from
the 2D curves for assisting visualization and the colors do not refer to any physical meanings.

desired We and B with high accuracy [23]. Two identical droplets were generated by nozzles that
were driven by vibrations of piezoelectric plates. They were made to impinge onto each other with
adjusted angles of the colliding path. To enhance the precision of measurements, in particular, it
is noticed that determination of the regime boundaries for off-center collisions is quite sensitive to
the exact colliding conditions such as the impact angle. Significant uncertainty would be created if
the collision is not formed completely in the plane of visualization normal to the camera recording
direction. Therefore, another CCD camera was used on top to record the events and ensure that
all collisions happened in the same plane. This can reduce errors due to three-dimensional (3D)
out-of-plane effects, specifically on determination of the impact parameter, and hence dispersion
of data around the boundaries which may lead to misjudgment of the outcome. A variety of
liquids including water, various hydrocarbons, and silicone oil have been tested. More details and
demonstrations are provided in Appendix A.

As shown in Fig. 3, different Ohnesorge numbers, Oh = μ/
√

ρDσ , where μ is liquid viscosity,
have rendered dramatic variations of the regimes, specifically regarding separation following
temporary coalescence at sufficiently high We. Compared to Fig. 1(a), increasing Oh tends to narrow
down and delay the onset of regime VI [Figs. 3(b) and 3(c)], revealing the impeding effect of viscous
force on breaking of the coalesced droplets. Moreover, due to the increase of the transitional We of
(VI) with higher Oh, the downward side of the expanding boundary of regime V with increasing
We tends to cover up (VI), and eventually the regime of rotational separation is not observed in the
available range of experiment [Fig. 3(d), Oh = 0.0592]. This tendency signifies the significance of
liquid viscosity in the formation of droplet breakup, and hence Oh, in addition to We and B. In this
study, different liquids and droplet sizes have been tested and the regime diagram is presented in a
general manner in terms of these key parameters.

Identical to previous studies [6,8,12,24], as B is close to zero, reflexive separation is observed,
during which rebounding motions of the impinging flows lead to elongation of the temporarily
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merged droplets and breakup in the end when a dumbbell shape is formed. When B is increased,
the reflexive action becomes weaker due to reduced masses in RI and increasing off-center motions.
The degenerate reflective flow eventually cannot overcome the restraining force of surface tension
as B is above a threshold. Thence separation ceases to occur and permanent coalescence is resulted;
the regime changes from IV to III.

For various liquids when B is sufficiently large and Oh < 0.0592, as seen in Fig. 3, two regimes of
off-center separations are clearly demarcated, intervened by a band of coalescence (III). While the
breadth of the intervening band varies with Oh and could be missed easily due to its narrowness and
uncertainty of measurements, the characteristics of breakup patterns above and below this regime
of coalescence are remarkably different. Specifically, as shown in Fig. 2(b) for (V), with substantial
inertia in the original colliding course, the droplets stretch against each other during the tentative
coalescence and break up shortly (t ∼ 3.65 ms/1.83 T ).

When B decreases [0.470, Fig. 2(f)], due to enlarged contact area between the droplets and
increased surface force as well as decrease of masses in SZ of the merged droplets, the stretching
parts cannot overcome the restraining surface tension and are dragged back toward RI; it leads to
permanent coalescence. Moreover, the liquids in SZ pulled back by surface forces rotate around the
center of mass (CM), as demonstrated by the two regions tagged with different colors of the distinct
droplets. With further decrease in B [0.420, Fig. 2(d)], however, the masses drawn by the surface
forces rotate against each other, leading to a state exhibiting a dumbbell shape (t = 5.55–6.25 ms).
This occurs after a ligament is formed during the second elongation of oscillating cycles (∼t =
3.95 ms), and the resulted neck eventually breaks (t = 7.05 ms/3.53 T ). Compared to Fig. 2(b),
undoubtedly, this separation occurs after a much longer period (about doubled time, as manifested
in dimensionless time that is expressed in the unit of natural oscillation period, T) with substantial
rotation. This is distinct from the known scenarios of reflexive separation and stretching separation
which are created, respectively, in near head-on and significantly off-center regimes. Their different
features can be further appreciated in the Supplemental Material movies [25].

These facts clearly demonstrate the existence of a previously unidentified regime of separation
following temporary merging of two droplets. This regime exhibiting remarkable rotation is close
to but separate from the previously identified regime of off-center, stretching separation which has
a much larger territory spanned over higher B area [Fig. 1(a) and Figs. 3(a)–3(c)].

III. NUMERICAL SIMULATION

It is seen from the experimental images, in this regime VI, there is noticeable mass exchange
during the process, as revealed from the variation of dyed area within the droplets. To quantify this
transfer of mass and analyze the internal fluid motions, we have carried out numerical simulations
for two-phase fluid dynamics. The computational approach is performed by using the volume-
of-fluid (VOF) method provided by the open source Gerris code [17]. Descriptions including a
convergence test and a validation of the simulation method are given in the following. The results
of 3D simulations have shown incredible agreement with those of experiments.

A. Computational specifications and validation

The computational domain of the GERRIS 3D simulation is shown in Fig. 4(a), where the centers
of two identical droplets with radius R = 0.3 mm are placed in the symmetry plane. The initial
velocity of each droplet is U/2 but in opposite directions, and the distance between the centers of
the droplets projected onto the plane perpendicular to the relative velocity vector is designated as
χ . In addition to the symmetry plane as indicated in the domain, the computational boundaries are
set to have zero gradients for velocities, i.e., Neumann conditions, and fixed pressure at zero, i.e.
Dirichlet conditions. The adaptive mesh refinement (AMR), with three different mesh sizes (�max,
�mid, �min), are performed in the computation to facilitate numerical simulation, where �max is set
in the gas phase, �min in the liquid phase, and �mid in the high vorticity region of gas phase, as
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FIG. 4. (a) The schematic of computational domain and (b) the setting of adaptive meshes in the symmetry
plane.

shown in Fig 4(b). By using the physical parameters listed in Table I and CFL number equal to 0.4,
the experimental results (We = ρU 2D/σ , B = χ/D, and Oh = μ/

√
ρDσ ) can be reproduced by

the simulations with the same impact conditions.
A test on the mesh dependency is carried out by implementing three numerical cases with the

AMR level of (6D/26, 6D/27, 6D/28), (6D/26, 6D/27, 6D/29), and (6D/26, 6D/27, 6D/210); the
results are shown in Figs. 5(b)–5(d), respectively. These cases all demonstrate stretching separation
with one satellite droplet formed between two primary drops, which are consistent with the collision
outcome shown in Fig. 5(a). To track the fluid motions in different drops, furthermore, two sets of
passive tracers are allocated in the droplets, respectively. Since the liquid distribution and droplet
deformation as shown in Figs. 5(c) and 5(d) have demonstrated essential agreement with the
experimental images, the AMR level is chosen to be (6D/26, 6D/27, 6D/29) such that sufficient
accuracy is attained with minimum computing load for all simulation cases. Another issue of
concern is the production of unphysically large bubbles at the early stage of droplet coalescence
after impact [26]. They are caused by air-cushion effect and have radii about 9–13% of the droplet
radius, but triply larger than those observed in the experiments [27–29]. To eliminate the influence
of unphysical large bubbles on the internal flow and mass distribution, they are filtered out right
after formation [26]. The numerical approach is further validated by comparing simulation results
to the other experimental sequences of different outcomes (taken by the b/w high-speed camera,
X-StreamTM Vision, XS-4) with corresponding impact conditions. As shown in Figs. 5(e), 5(f),
and 6, the evolutions of droplets in all the simulations are very close to that of the experimental
images, demonstrating high fidelity of the present numerical methodology.

B. Mass distribution and flow field inside the merged drops

Based on the full-field simulation, the mass exchange in the separated droplets is calculated to
be about 33.4% in the case of rotational separation [Fig. 2(e)]. The transferred mass, however,
is about 19.5% in the case of stretching separation [Fig. 2(c)] and 0% in the primary droplets
after reflexive separation in a head-on impact. This indicates a much greater amount of mass
transfer during the process of rotational separation as compared to those of stretching separation

TABLE I. Physical properties of the liquid (dodecane) and gas (air) for simulations.

Gas viscosity Liquid viscosity Gas density Liquid density Surface tension
μg (mPa s) μ (mPa s) ρg(kg/m3) ρ(kg/m3) σ (mN/m)

0.00168 1.33 1.2 744 24.9
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FIG. 5. The sequence of stretching separation (We = 35.04, B = 0.547) is shown by (a) the experimental
images, and the simulation results with (b) �min = 6D/28 = D/43, (c) �min = 6D/29 = D/86, and (d)
�min = 6D/210 = D/171. The sequence of rotational separation (We = 35.4, B = 0.420) is shown by (e) the
experimental images, and (f) the simulation images with �min = 6D/29 = D/86. In the simulation results,
(b)–(d) and (f), the first row shows the tracer distribution at the symmetry plane and the second row presents
the 3D surface of the deformed drops.

and reflexive separation. The latter two modes of separations have relatively shorter periods of
interactions which are mainly dominated, respectively, by the inertia of SZ and rebounding motions
in RI. Comprehension of the distinct characteristics would help prediction and applications of the
mixing state between the fluids of droplets at impact [30,31].

To further identify the mechanisms leading to various patterns of separations and collision
outcomes with varying B, numerical simulations are used to comprehend the evolutions of flow
fields. Considering the droplet dyed red as shown in Fig. 7, right after impact (t = 0.25 T ), the mass
at SZ (with velocity marked by a dashed arrow) keeps substantial inertia along its original path. But
that at RI (with velocity marked by a solid arrow) encounters the impact of its counterpart from the
other droplet (dyed white), leading to rebounding flows around the center. A stage similar to that
of a flattening disk in the evolution of reflexive separation [Fig. 2(a)] is yielded at ∼0.5 T around
RI, which is marked off by an ellipse for expression of the oblate (flattening) phase. At 0.75 T,
while the velocity vector within the red droplet is inverted at RI, that at SZ follows a rotational
motion (around CM) where the liquid is dragged by surface tension. The velocity vectors thus
exhibit nearly opposite directions in RI and in SZ, within the same primordial droplet. Consequently,
the combined droplets evolve to a four-lobed shape (1.0 T), due to the elongation of RI (marked by
the ellipse expressing the prolate phase) along with the rotation of SZ. While a similar shape is also
illustrated by Ref. [12] for reflexive separation in slightly off-center collision between two droplets,
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FIG. 6. The sequences of experimental (a), (d), (g) and computational (b), (c), (e), (f), (h), (i) results for
dodecane droplets with diameter 0.6 mm. (a), (b), (c) We = 35.39, B = 0.514; (d), (e), (f) We = 35.42 B =
0.461; (g), (h), (i) We = 35.19, B = 0.415. (b), (e), (h) present the 3D surfaces of the deformed drops and (c),
(f), (i) show the liquid distribution at the symmetry plane. The time in the experiment is measured in the unit

of ms while the dimensionless time in the computation is expressed in T = π

4

√
ρD3

σ
.

the ensuing development on the breakup is prominently different. As shown in Fig. 2(a) for regime
IV, the tentatively united droplets separate right during the elongation (prolate phase) that leads to a
dumbbell state. In contrast, in rotational separation with significantly larger B, the rebounding flow
does not have sufficient momentum to yield substantial elongation and separation at the first prolate
phase, and is then reverted back to the center (∼1.0–1.25 T).

After recovering to the neutral state, as illustrated by the dashed circle in RI at 1.25 T (Fig. 7),
the compression leads to the second time of flattening, i.e., second oblate phase, as symbolized by

FIG. 7. The simulated evolutions of velocity vectors and merged liquids in a collision leading to rotational
separation (We = 35.4, Oh = 0.0126, B = 0.420), where the experimental images are shown for comparisons.
The black arrows are used to indicate the approximate velocities of flow motions in RI and in SZ which are
marked off by the loops. As a tracking reference for the rotating frame of the united drops in oscillations, a
blue dashed arrow expresses the axis of the elongating ellipse around RI at the prolate phases.
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the elliptic loop at 1.5 T. After recovering to another neutral state (1.75 T), RI starts to elongate
again, leading to the second prolate phase (∼2.0 T) and subsequently a dumbbell shape, before
breaking up (∼2.75 T). As shown by the velocity vectors (approximated by the schematic arrows
for illustration) at 1.5 T and 1.75 T, obviously, the rebounding flow of the red droplet tends to flow
concurrently in the same direction as the rotating flow, particularly of the white droplet, near the
side. The coherent motions of the coupled masses yield further elongation of the united droplet at
the second prolate phase. As a consequence of the combined outward motions, a ligament is formed,
leading to a dumbbell shape. The neck is eventually ruptured at the moment slightly after 2.75 T
when the enhanced momentum overcomes the bonding of surface forces (given by surface tension
and viscous drag). As shown by the arrows, the converging masses at the edges tend to rotate around
CM while those at the center continue to flow out of the neck zone due to rebounding motions.
Accordingly, as revealed from the orthogonal orientations of the velocity vectors at RI and SZ at
2.75 T, centrifugal acceleration is prominently produced. This evolution of flow field demonstrates
the significance of rotation and hence centrifugal force on assisting draining of the liquid from the
center toward the bulbous sides and eventual disintegration into two primary drops, inside which
substantial stirring of masses is observed.

To identify the extent of rotation, one can focus on the colored mass in SZ. As marked by the
green tracking loops in Fig. 7 and the dyed part in Figs. 2(d) and 2(e), which moves from the upper
right to the lower right, separation occurs after a rotation of nearly 270° [∼3.13 T in Fig. 2(d)]. This
is consistent with previous observations of rotations over 180° in off-center collisions [6,8].

C. Coherence of internal flow motions within a rotating drop with varying impact parameter

The coherent motions emerging in ∼1.5–2.0 T are key to determination whether the net inertia
of combined internal flows from the different primordial droplets can eventually overcome the
restraining surface tension and viscous forces. At t = 1.75 T , for instance, Fig. 8(c) shows that,
in the regime of coalescence as shown in Fig. 2(f) when B is 0.470, the two streams marked by
the solid and dashed arrows at the same side but from RI and SZ, respectively, are not aligned in
the concurrent direction. The angle of intersection (ψ) is about 60° and is much larger than that
of B = 0.420 [Fig. 8(b), showing an included angle ψ ≈ 29°], which ends in rotational separation
as shown in Figs. 2(d) and 2(e). Consequently, the combined flows exhibit weaker coupling and
hence less coherence of the rotating and rebounding motions in the direction of elongation (as
indicated by the arrows in RI that is marked by the blue dashed circle). The concurrent flow motions
are critical in determining whether a favorable flow pattern can be created such that an effective
dumbbell geometry of united droplets is formed and results in breakup. The effective net momentum
at B = 0.470 is evidently not large enough to overcome the restraining surface forces and lead to
separation.

An inverse trend, however, is observed when B is further reduced, as shown in Fig. 8(a) for
B = 0.320 (ψ ≈ 42◦ at t = 1.75 T ). It reveals that the coupling between the internal reflective flow
and the rotating flow degenerates and cannot yield breakup at the second prolate phase when a
dumbbell shape is formed. Similar results of comparisons are observed for other moments mostly in
this period (particularly near a critical time that would determine effectiveness of flow coupling, as
to be discussed next for modeling). Consequently, a regime of coalescence is formed. It is noted that
since the velocity around the center of RI at t = 1.55 T is very small (near a stagnant state when the
flow is about to revert at the oblate phase, which is created also for the other B’s but in earlier time),
the region is not marked with vectors.

From these results, the coupling between the internal reflective flow and the rotating flow from the
different impact droplets appears to be maximized at an intermediate B when RI and SZ both have
substantial mass and energy. Though the nonlinear variations and interplays of multiple factors with
impact parameters have prevented further quantitative analysis on explication of the breakup, the
characteristic behaviors as seen from the respective and united zones of RI and SZ have illustrated
the essential difference when B is changed. This manifests the exclusive existence of rotational
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FIG. 8. The distributions of velocity vectors and merged liquids in collisions leading to (a) permanent
coalescence (B = 0.320, We = 34.9), (b) rotational separation (B = 0.420, We = 35.4), and (c) permanent
coalescence (B = 0.470, We = 35.1). Here the arrows are used to indicate the approximate average velocities
of the liquids in the region of interaction (RI, solid arrows) and in the sliding zone at the flank (SZ, dash arrows)
which are marked off by the loops.

separation, i.e., regime VI. The regime has characteristics distinctive from the stretching separation
(regime V) at higher B owing to the stretching of masses at SZ and the reflexive separation (regime
IV) at smaller B which is dominated by the rebounding flows in RI.

IV. THEORETICAL MODELING FOR VARIOUS TYPES OF DROP SEPARATIONS

Based on the observations of the underlying mechanisms, we have developed a phenomenolog-
ical model based on a momentum theory including surface tension and viscous effects; this can
be used for different types of drop separations. Specifically, respective flow motions in RI and SZ
are considered, which lead to a coherent motion at a critical time as observed in the numerical
simulations. Here the total momentum of each droplet at the critical time is balanced by the impulse
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FIG. 9. (a) The typical shape of a rotating drop at the critical time. (b) The free body diagram of the sliding
zone. (c) The meaning of Rx as defined in the schematic of stretching separation model [12].

of surface force and viscous drag before separation can occur [11],

Pcr =
∫ τ

0
(Fs + Fv )dt ′ ≈ (Fs + Fv )τ. (1)

The critical momentum is the sum of that given by the flows in RI, which exhibit oscillations,
and that by the flows in SZ which undergo rotations. Both are treated in the framework of simple
harmonic motions in the same plane of projection (as indicated by the orange dashed line in Fig. 7,
t = 0.75 T , which is defined along the original impact orientation),

Pcr = 1
2 |mcoUcos(ωcotcr ) + mslUcos(ωsltcr + θsl )|. (2)

Here the mass in RI is mco = 8
3πρ�R3, where R = D/2, θsl the empirical phase delay between

the flows in RI and SZ (to be determined by the experimental data; see Appendix B), the volumetric
fraction � = (1 − B)2(1 − B2)0.5 [12], and the mass in SZ msl = 8

3πρ(1 − �)R3. The oscillating

frequency around RI is naturally ωco = 2
√

σ
ρ�R3 . The rotating speed ωsl can be derived from the

force balance on the free body of the sliding zone [Fig. 9(b)], which is

2πRxσ −
(

p0 + 2σ

Rx

)
πR2

x = mslRωsl
2 − p0πR2

x . (3)

Here p0 is the ambient pressure, Rx =
√

R2 − (R + BD − D)2 can be approximated from the
geometry [Fig. 9(c)] of the previous model [12]. By rearranging Eq. (3), ωsl is derived to be

ωsl =
√

9
√

B − B2σ

8R3ρ(1 − �)
. (4)

In Eq. (1), the external forces are the restraining surface force, Fs ∼ σR, and the viscous drag,
Fv ∼ μUshR. Here the shearing speed is

Ush = (|cos(ωcotcr )| + |cos (ωsltcr + θsl )|)U ≡ ZU . (5)

The critical time tcr is the instant when the net momentum is maximized, which is characterized
by the optimum coherence of the flows in RI and SZ as discussed in Sec. III C. This determines
whether substantial elongation of the merged drops rotating about CM and subsequent breakup can
occur. The time of integration, τ , is referred to the period of natural oscillation, T. This is identical to
the characteristic time selected for reflexive separation [32] but different from that used by Ref. [11]
for stretching separation, R/Un, where Un = UB. Equation (1) thus becomes

Pcr = 1

6
πρD3UP = (aσD + cμUshD)

2T

π
. (6)

P is the dimensionless momentum normalized at the critical time, ranging from 0 to 1, and
is a function of B. The empirical coefficients a and c can be determined by the least-squares
approximation of the experimental data, as described in Appendix B. After rearrangement, the
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FIG. 10. (a) Experimental measurements of Wec and Wer compared to the model derived by Qian and Law
[8] for Wec and the present model for Wer . These Weber numbers are defined in the inset, which illustrates the
new regime diagram of general liquids. (b)–(d) The regime diagrams of various Oh’s obtained from the present
experiments. Here the boundaries of the rotational separation and stretching separation predicted by the present
model are delineated by the dotted blue and dash-dotted purple lines, respectively.

minimum Weber number of transition, or the critical point of regime VI [as indicated in the inset of
Fig. 10(a)], Wer , is obtained:

Wer =
(

3a

πP − 3cZOh

)2

, (7)

where Z = |cos(ωcotcr )| + |cos(ωsltcr + θsl )|.
To demonstrate the accuracy of the model, various liquids with different diameters have been

used to provide the experimental data. As shown in Fig. 10(a), the We’s at the transition between
regime (III) and (IV) at B = 0 for various Oh’s as measured in present experiments, Wec (as
indicated in the inset), agree well with that predicted by the existing model [8] for reflexive
separation. The experimentally measured Wer’s also coincide with that derived by the present model
for rotational separation, thereby justifying the accuracy of the analysis. In contrast to the linearity
of Wec, the scaling of Wer shows a nonlinear correlation with Oh and indicates essentially higher
magnitude than Wec. While being still monotonic, the more complicated variations between Wer

and Oh further reveals the intricate interplays of multiple factors responsible for the creation of
rotational separation.

In addition to the critical point, the present model can predict the transitions with varying B’s and
describe the boundaries with moderate accuracy. As shown in Figs. 10(b)–10(d), the width of regime
VI is essentially presented by the model, while the measured shape of the regime is not purely
symmetric against B due to uncertainty of the assumptions adopted in the modeling. Furthermore,
by changing tcr and τ , as described in Appendix C, the transition boundary of stretching separation
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can be predicted with high accuracy as well [see Figs. 10(b)–10(d)]. Therefore, the newly found
band of coalescence between (V) and (VI) are clearly described by this model.

V. CONCLUSION

By scrutinizing the transformations using an improved experimental approach as well as full-field
numerical simulations and physical modeling, we have provided a comprehensive elucidation that
clarifies the governing mechanisms for various off-center separations of binary droplet collisions.
Specifically, in nearly head-on conditions, the creation of separation is dominated by the rebounding
flow motions in the center region of interaction. In off-center conditions when the impact parameter
is sufficiently large, the stretching mechanics of the masses at the sliding zones of the merged drops
determines the onset of separation. In an intermediate region with B between these two regimes,
the coupling of the reflective flows and the rotating part at the sides may lead to coherent motions
of united rotational flows that create another regime of separation. Breakup occurs at the second
elongation period of the oscillating region of interaction, which is significantly delayed as compared
to that of the other two patterns of separations. Variations of these regimes can be identified clearly
in terms of the generalized 3D diagram expressed by the Ohnesorge number and the Weber number
with varying impact parameters.

It is noted that, the ambiguity and dissension on differentiation of the dominating mechanisms
for off-center separations as seen in the literature could be related to the high sensitivity of various
events near the transitions. Furthermore, the variation of Oh can change the scope of rotational
separation such that its formation is not easily detected. To enhance resolution and reduce dispersion
of data points around the transition boundaries, the precision for determining the parametric
conditions of off-center collisions has been increased by taking a great number of data points
with utilization of two cameras in parallel; this ensures coincidence of the collision plane with
the imaging plane. Moreover, different liquids and droplet sizes have been tested and the regime
diagram is presented in a generalized way based on the key dimensionless variables (We, Oh, and
B) in the range available in the experiments. By using the VOF numerical simulations, it is the first
time that the transitions of permanent coalescence, rotational separation and stretching separation
can be accurately produced, to the authors’ knowledge. The evolution of flow field within the
merged drops thus provides explicit elucidation of the scenarios regarding the onset of breakup
after impact when B is varied. In contrast to the straightforward processes of reflexive separation
and stretching separation that can be understood explicitly, rotational separation involves much
more complexity due to interplays among multiple factors varying with B in the intermediate range.
The newly observed coupling between the flows at the region of interaction and sliding zones is
hence considered in the model, which could be generalized for different types of drop separations.
The agreement of the modeling results with previous and the present experimental data thus verifies
the reasonability of the assumptions and interpretations for the underlying structures.

Comprehension of the mechanisms dominating at different impact angles would help analysis of
various outcomes in collisions between soft bodies of similarity. Not only in related fluid dynamic
researches, immediate significance could be seen in extensive fields including nuclear fusion-fission
processes [16,19] based on a nuclear liquid-drop model. Another example is the impacts between
astrophysical bodies [21] such as planets and stars where rotational motions and centrifugal forces
play a critical role in the evolutions, specifically regarding redistributions of the mass, momentum
and energy.
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FIG. 11. Schematic of the experiment setup.
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APPENDIX A: EXPERIMENTAL METHODOLOGY

The experimental setup is shown in Fig. 11, similar to that in Ref. [23]. Two identical droplets
made of decane, dodecane, tetradecane, hexadecane, silicone oil (KF-96L-5cs, Shin-Etsu Chemical
Co., Ltd.), and water, respectively, were generated from two glass nozzles by the vibrations of
piezoelectric plates. To identify the mass distribution in binary droplet impact, one of the paired
droplets was doped with a small amount of dye additive, Sudan Red, which made negligible
change in the fluid properties (within 0.4%). Via an electronic control circuit, the velocity and
radius of droplets can be adjusted by controlling the amplitude and pulse width of the electronic
signal. Time-resolved images were recorded by high-speed CMOS digital cameras (in black/white,

FIG. 12. Top views of the colliding droplet streaks (exposure time: 1/60 s) which (a) appear collinear if
the collisions are made in the same plane and (b) are bent if not in the same collision plane.
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FIG. 13. The experimental sequences of impinging dodecane droplets with decreasing B at similar We’s of
(a) stretching separation (We = 35.04, B = 0.547), (b) coalescence (We = 35.13, B = 0.470), (c) rotational
separation (We = 35.44, B = 0.420), (d) coalescence (We = 34.90, B = 0.320), and (e) reflexive separation
(We = 33.60, B = 0.002). Here the dimensionless time is expressed in the unit of T (cf. Fig. 2).

X-StreamTM Vision, XS-4, and in color, Vision Research, Phantom V310), which supported a
resolution of 512×512 pixels with 5 000–10 000 frames per second (fps). The shutter of the
high-speed camera was synchronized with a LED lamp while recording the images, and the exposure
time of shutter can be set down to 1 μs to avoid blurring due to background scattering. Moreover,
to ensure that the collision events occurred on the same focal plane as that of visualization, a CCD
camera was used on top to monitor the impacts of two droplet streams, as shown in Fig. 12. It is
seen from the top view that when the collisions are made in the same plane, the two streams of
droplets exhibit a collinear path, whereas they appear to be bent away if not in the same plane.
Based on the experimental setup, sequential images of droplet collisions with B = 0.0–0.9 can
be captured by the camera viewing from the side and analyzed for the relative velocities on the

TABLE II. Properties of tested liquids (25 °C).

Density Viscosity Surface tension Diameter
(kg/m3) (mPa·s) (mN/m) (μm) 100 Oh

Decane 731 0.82 23.4 300 1.14
600 0.81

Dodecane 744 1.33 24.9 300 1.78
600 1.26

Tetradecane 759 2.05 26.0 300 2.66
600 1.88

Hexadecane 773 3.0 27.0 300 3.79
600 2.68

Water 996 0.92 72.0 300 0.63
450 0.51
600 0.44
700 0.41

Silicone oil (KF-96L-5cs) 924 4.25 18.6 300 5.92
450 4.83
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FIG. 14. The definitions of Br and Wer indicating the critical point of rotational separation on the regime
diagram.

collision plane. The typical collision outcomes are shown in Fig. 13. By using the high-speed
photography, the sequences of droplet collision events from high to low impact parameters can
be clearly resolved while keeping a similar We, as shown in Fig. 13. The surface tensions of tested
liquids were measured by a tensiometer (DCAT, DataPhysics Instruments GmbH) with accuracy of
±0.05 mN/m, and viscosity by a rheometer (Brookfield DV3T, AMETEK. Inc.) with accuracy of
±0.01 mPa s. The fluid properties are listed in Table II.

FIG. 15. The relations of (a) Br versus Oh measured experimentally and marked by error bars, and (b) θsl

versus Oh fitted from (a) via the procedure as mentioned.
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FIG. 16. An example of P varying with t (in the unit of T) at B = 0.39 and Oh = 0.0126.

APPENDIX B: FITTING PARAMETERS IN THE MODEL

Due to the complexity in modeling the process of rotational separation as seen, there are three
parameters to be fitted, i.e., a, c, and θsl. In the fitting process, firstly the empirical phase delay θsl,
which is closely related to the impact parameter when coherence of the flows in RI and SZ may
occur, is obtained from the experimental data (Oh, Br) for a set of (a, c). The coefficients (a, c)
refer to the weightings of surface tension and viscous forces, respectively, and are mainly correlated
with Wer , hence relegated to the next step of fitting procedure. Here Br is defined in Fig. 14 and
its quantities measured with various Oh’s are plotted in Fig. 15(a) with error bars. The procedure of
fitting θsl is described in the following.

(1) Find the time (tcr) where P [Eq. (6)] is maximized with an arbitrary value of θsl (0-π ), as
shown in Fig. 16, which corresponds to the second oscillation period when coherence of the flows
in RI and SZ can form as observed in the simulation and experimental results.

(2) Input a fixed set of (a, c), tcr and [θsl(i), B( j)] = [0–2π, 0.25–0.45] into Eq. (7) and obtain

We[θsl(i), B( j)] = {
We[θsl (1), B(1)] · · · We[θsl (1), B( j)]

.

.

.
. . .

.

.

.
We[θsl (i), B(1)] · · · We[θsl (i), B( j)]

}, where the values of (a, c) do not influence

θsl. To note, the range of B( j) of the critical point is selected from 0.25 to 0.45 according to the
experimental observations for all the events of rotational separations.

(3) Obtain (
minimum{We[θsl (1), B( j)]}

.

.

.
minimum[We{θsl (i), B( j)}]

) and the corresponding [

B(1)at θsl (1)

.

.

.
B(i)at θsl (i)

].

(4) Calculate the minimum of {
[Br − B(1)at θsl (1)]

2

.

.

.
[Br − B(i)at θsl (i)]

2

} and obtain the corresponding θsl.

TABLE III. The values of θsl fitted for different ranges of Oh.

Oh < 0.007 0.007 < Oh < 0.025 Oh > 0.025

θsl −178.9 Oh + 2.1 1.54 −54.4 Oh + 3.0

123602-17



PAN, HUANG, HSIEH, AND LU

TABLE IV. The values of a and c fitted for different ranges of Oh.

Oh < 0.007 0.007 < Oh < 0.025 Oh > 0.025

(a, c) a = 8.5, c = 28.0 a = 10.2, c = 9.7 a = 10.2, c = 9.7

(5) Input this θsl back to step (1) and repeat the process till the value of θsl reaches convergence,
i.e., when the absolute difference of θsl between the last two rounds is smaller than a prescribed
value.

Based on the process, the experimentally measured values of Br can be used for fitting θsl per se.
The results are shown in Fig. 15(b) and the fitting values of θsl are listed in Table III. In view of

the variation of measured relation of Br versus Oh (obtained by different liquids), as seen Fig. 15(a),
θsl is fitted against Oh in three ranges so as to achieve higher conformity [Fig. 15(b)]. It is noted
that, for the lowest range, Oh < 0.007, only water has been used.

Based on the values of θsl, (a, c) can be further iterated to render the least squares of deviations
from measured Wer . The results are shown in Table IV. Since the values of (a, c) in the ranges
of 0.007 < Oh < 0.025 and Oh > 0.025 are the same, two, instead of three, regression lines for
predicting Wer are obtained, as shown in Fig. 17 [also in Fig. 10(a)].

APPENDIX C: THE PRESENT MODEL FOR STRETCHING SEPARATION

For stretching separation, the time of integration, τ , in Eq. (1) is taken as D/U [11], and the
coefficients a and c are altered to ast and cst, respectively. Since the rotational motion of the
interaction region is insignificant and the phase angle of the sliding zones varies negligibly, θsl

is set to zero. In addition, tcr in Eq. (2) is assumed to be a constant since the sliding zones dominate
the stretching separation. After rearrangement of Eqs. (1) and (6) with the altered parameters, the
transition boundary of the stretching separation is derived as

We =
(

3cstZOh +
√

9(cstZOh)2 + 12πPast

2πP

)2

. (C1)

Here the empirical parameters ast = 24, cst = 1, and tcr = 0.32, which are obtained by the least-
squares method.

FIG. 17. The regression results of Eq. (7) for Wer .
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