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In head-on collisions between two droplets, reflexive separation is frequently formed, showing tentative
coalescence followed by disintegration into two primary drops. With higher impact inertia relative to
surface tension, characterized by a Weber number (We), more satellite droplets are created between the
primary drops. In the symmetric configuration, the existing phenomenological models indicate the absence
of satellite droplets at the onset We when the coalesced drops start to break. Supported by experimental and
simulation evidence, here we demonstrate the exclusive formation of at least one droplet after pinch of the
thread connecting the colliding drops. In accordance with the universal features of a thinning liquid
filament approaching singularity as predicted by scaling theories of pinch-off, the mechanism of satellite
droplet formation in the symmetrical impact of droplets is clarified. Via slight breaking of the symmetry, no
satellite droplet can be observed, thus providing a possible interpretation for the discrepancy in the
literature and implications for controlling undesirable drop formation.
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Droplet collision plays a critical role in classical fluid
mechanical research not only for the fundamental signifi-
cance but also for its high relevance to many natural
disciplines and practical processes. Examples are seen in
raindrop formation [1,2], combustion in spray engines [3,4],
operation of nuclear reactors [5,6], and medical treatments
such as inhalation therapy [7,8]. For mastering the mass
distribution of liquid in the targeted systems, the collision
dynamics of two droplets have been studied extensively in
recent decades [9-15]. Regarding the symmetrical collision
of droplets, reflexive separation (RS) occurs when the
impact inertia is large enough to overcome the surface
tension force, as indicated by the Weber number, We =
2pU?R/o. Here U is the relative velocity of two droplets, R
the radius, and p and o, respectively, the density and surface
tension of the liquid. RS features a strong internal flow with
a rebounding motion, which elongates the coalesced drop
and leads to a dumbbell shape followed by fragmentation.
As shown in Ref. [9], collisions of near-inviscid (water)
droplets at the critical We (We,.) at the onset of RS led to
the formation of only two drops after rupturing, with nearly
identical sizes. For slightly viscous drops (hydrocarbons),
as studied in Ref. [10,11], however, a satellite droplet
with a much smaller size was observed along with two
primary drops when the We slightly exceeded We,.. Despite
the discrepant results for various Ohnesorge numbers
(Oh = u/+/pRo, where u is the fluid viscosity) of droplet
collisions upon the onset of RS, phenomenological models
were proposed along the same lines. That is, they all
indicated the occurrence of pinch-off right at the center of
the ligament connecting the primary drops, without any
satellite droplet produced afterward [9,11-13].
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On the other hand, satellite droplets were observed in the
breakup of Newtonian liquid filaments for a wide range of
Oh (0.0018-1.81) [16-18]. The formation of satellite
droplets was attributed to the asymmetrical singularity of
pinch-off [19-22]. To depict the dynamics of the thinning
liquid filaments, scaling theories of inertial (/) [23], viscous
(V) [24], and inertial-viscous (/V) [19] regimes have been
developed. While inertial and capillary forces balance in
the I regime, viscous and capillary forces balance in the V
regime, and all three forces (inertial, viscous, and capillary)
balance in the /V regime. A recent study [18] demonstrated
that, for a liquid filament with slightly viscous (Oh = 0.07)
and highly viscous liquids (Oh > 1.0), the IV regime
dominated the last stage of pinching. For nearly inviscid
liquid, however, the experiments and simulations showed
that the thinning liquid filament followed the / regime when
it finally approached singularity [25,26]. This scenario
remained valid even when Oh was up to ~0.02 [27]. In fact,
depending on the Oh and also the initial conditions, the
observed dynamics can alternate between the different
regimes (I, V, and IV) [18,28]. To correlate with the
pinching processes and resolve the puzzle regarding the
creation of satellite drops, in this Letter, the breakup of RS
in a considerable range of Oh (0.0061-0.152) was exper-
imentally studied for a We close to We, (within £15%).
Furthermore, full-field numerical simulations have been
performed to understand the pinching dynamics during the
head-on droplet impact.

To identify the generic behaviors of RS for a wide range
of Oh, drops of water, alkanes, and silicone oils with
different diameters have been tested. Collisions of two
identical droplets with the desired We and Oh were carried

© 2019 American Physical Society
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FIG. 1.

Collision sequences of (a) two water droplets with D = 2R = 0.3 mm, We = 20.0, and Oh = 0.0089, and (b) silicone oil

droplets with D = 0.398 mm, We = 197.3, and Oh = 0.152. The time unit of # is a millisecond, and that of 7 is the natural oscillation

time (z/4)\/pD?/o.

out by a conventional drop-on-demand method using
piezoelectric plates. The impact events were recorded by
a high-speed camera with 20 000-25 000 frames/s, and the
spatial resolution was up to 188 pixels/mm by using a
microscope lens. Moreover, another CCD camera was set
on top to ensure that all collisions happened on the same
focal plane. More details are provided in the Supplemental
Material [29].

The evolution of RS for a near-inviscid liquid (water,
Oh = 0.0089) is shown in Fig. 1(a). After impact, the
coalesced drop is flattened (f = 0.0-0.2 ms) and then
reflexes to a cylinder with two rounded ends (0.2-0.5 ms).
After reaching the maximum length (0.8 ms), the elongated
drop develops to a dumbbell shape (0.8-0.975 ms). This is
followed by a shift of the location showing the minimum
radius (h],,) from the center toward the outer bulbs (0.975-
1.025 ms), leading to the formation of two asymmetrical
necks and, consequently, a satellite droplet (1.075 ms). The
cone angle (0) of the neck as defined in Fig. 2 is about 18.0°,
showing great agreement with the theoretically derived [19]
and experimentally observed [32] quantities of a thinning
liquid filament before pinch-off.

250 T T T
° Oh =0.0266 O RS, 1 satellite droplet
200 | § [ Coalescence
Z — Ref. [11] — Ref. [34]
150 &=
O
= =
al
100 2 Oh =0.152
50
0 ) 10cs silicone oil
0 0.04 0.08 0.12 0.16

Oh

FIG. 2. The boundary between coalescence and RS on the We-
Oh diagram. (Insets) Experimental profiles of the drop before
breakup. Scaler bar, 200 pym.

For a more viscous liquid (silicone oil, Oh = 0.152), as
shown in Fig. 1(b), the same scenario is observed, ending in
the formation of a satellite droplet. Before breakup, the two
asymmetrical necks pinch to microthreads (3.92 ms), which
can be seen as well in the pinch-off of a dripping drop made
of slightly and highly viscous liquids [18,27,33]. The
transition from the dumbbell-like drop with a center neck
to that with double necks at opposite locations always
occurred at the relaxation stage of the separation process.
Figure 2 shows the boundary between coalescence and RS
in a We-Oh phase diagram. At least one satellite droplet is
produced when rupture occurs. Furthermore, the transition
boundary, We,(Oh), follows the predictions of theoretical
models for binary droplet separation with low [11] and high
Oh values [34], respectively. Since the initial coalescence
process is not universal and is influenced in particular by
the ambient pressure or drop oscillations, this boundary is
sensitive to external conditions [11,35]. This might explain
the small overlap of behaviors near the boundary as well as
the discrepancy between the theoretical predictions and the
experiments. The experimental observation—that a merged
drop associated with a center neck develops to a drop
with two mirrored necks, leading to the formation of a
satellite droplet—is consistent with the evolution of a
pinching liquid filament [16-18,36,37]. This reveals that
the underlying mechanism for the fragmentation caused by
a symmetrical droplet collision surrenders a similar physics
to the pinching free-surface flow.

To track the flow structure causing pinch-off of RS,
the open-source numerical code GERRIS [38,39] has been
used to simulate the breakup process of coalesced drops.
The finite volume and volume-of-fluid methods are used to
solve the axisymmetric incompressible Navier-Stokes
equations and track liquid-gas interfaces, respectively.
In addition, the quad or octree discretization is conducted
to resolve the thin necks of coalesced drops, whose width
evolves in a large range of length scales [40,41]. It was
observed via a numerical simulation that the final regime of
the pinching process occurred when the dimensionless
minimum radius, Ay, = h,; /R, was about an order of
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FIG. 3.

(a) Experimental snapshots and numerical simulations of the distributions of pressure and axial velocity for Oh = 0.0266 and

We = 29.4, as well as the variation of h,,;, with z. Yellow solid line, / regime; red dashed line, V regime; green cross, experimental
values of h,; black open diamond, simulation. Scaler bars in the experimental images, 200 um. (b) The drop profile, pressure, and
axial velocity fields at 7 = 4.0 x 107, (c) The interface of the outer primary drop attached to the thinning neck is overturned.
(d) Distributions of pressure and velocity vectors around the asymmetrical neck at 7 = 4.0 x 107*. (e) The drop profile, pressure, and
axial velocity fields at 7 = 1.0 x 107>, showing (f) the overturned interface of the outer primary drop, and (g) the microthread produced

by the reversed flow.

magnitude smaller than Oh? [18]. Therefore, the minimum
grid sizes in the present simulations, which were set as
small as ~0.01 Oh?, were 5 nm (R/2'®) and 49 nm (R/2'?)
for the cases of Oh = 0.0266 and 0.152, respectively. As
shown in Figs. 3 and 4, the simulations accurately repro-
duced the geometrical features of deformed drops in the
experiments. Furthermore, the computed variations of
dimensionless &,,;, with 7 agree well with the experimental

measurements, where 7 = (1, — t)1/6/pR>, and where 1, is
the time of the breakup. More numerical details are given in
the Supplemental Material [29].

Figure 3(a) shows the variation of A, with 7 as well as
the transient pressure and axial velocity fields for the
collision of droplets with Oh = 0.0266 and We = 29.42.
During the thinning process, the neck passes through the /
regime, the V regime, and finally the / regime before
breakup. In the / regime, the variation of A, follows the

scaling of A, ~ 72/3 [23], and h,,;,, ~ 0.0709z/Oh for the V
regime [24]. At the earlier / regime, the fluids are stagnant at
the drop center (x = 0) with the maximum pressure [the
Fig. 3(a) insets of 7 = 1.49 x 10~!], which drives the flow
from the neck to the outer bulbs of the drop, making the
maximum axial velocities locate at x = 4-0.42. This makes
the local radius along the drop decrease fastest at x ~ +0.54
and leads to shifts in the locations of maximum pressure, and
of hy;, fromx = Otox =~ +0.54 and x &~ £0.59 [the Fig. 3(a)
insets of 7 = 3.0 x 1072], respectively. As the necks keep
thinning from the 7 to V regimes (z = 4.0 x 107*), a thread
at the center is developed into an island, as shown in Fig. 3
(b), and the connecting interfaces of the outer bulbs are
overturned [Fig. 3(c)]. At this stage, the locations of the
maximum pressure and /,,;, move to x & +0.72, whereby a
stagnation zone is formed, as shown in Fig. 3(d). The high
capillary pressure at this stagnation zone reverses the flow
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(a) Experimental snapshots and numerical simulations of the distributions of pressure and axial velocity for Oh = 0.152 and

We = 197.3, as well as the variation of A, with 7. Yellow solid line, / regime; red dashed line, V regime; blue dotted line, /V regime;
green cross, experimental values of ’,,;,; black open diamond, simulation. Scaler bars in the experimental images, 200 ym.
(b) Comparison between the experimental image and the calculated drop profile at 7 = 3.2 x 1072, (c) Distributions of velocity vectors
and pressure around the neck at 7 = 3.2 x 1072, (d) The drop profile, pressure, and axial velocity fields at z = 6.0 x 1073, showing

(e) the microthread with a length of about 60 ym.

toward the island and simultaneously forces the fluids out
of the asymmetrical necks into the outer bulbs. Conse-
quently, the variation of decreasing A, at the last stage
when A, ~0.1 Oh? exhibits the scaling law of the I
regime, as shown in Fig. 3(a). This result is consistent with
the previous experimental observation of a pinching liquid
bridge, indicating that the pinching dynamics at the final
stage for a near-inviscid filament follows the / regime [25—
27,32]. In addition, as shown in Figs. 3(f) and 3(g), the
asymmetrical neck was narrowed to a thread with a length of
about9 pym and aradius of about 33 nm by the reversed flow
close to the stagnation point (I regime, 7 = 1.0 x 1079).
For more viscous droplets (Oh = 0.152 and We = 197.3),
Fig. 4(a) shows that the thinning necks of the united
drop sequentially undergo the I regime, the V regime, and,
eventually, the /V regime. From 7 = 1.25 (I regime) to 7 =
9.6 x 1072 (V regime), the shifts in the maximum pressure

and h,,;, from x = 0 to x ~ +0.54 can be observed in the
insets with blue-dashed borders in Fig. 4(a). Unlike the less
viscous case of Oh = 0.0266, the stagnation zones have
already been built halfway (r = 9.6 x 1072) between the /
and V regimes. This contributes to the formation of two
microthreads with a length:radius ratio of about 22/1.6 pm at
7 = 3.2 x 1072 (V regime) which connect the island and the
outer bulbs, as shown in Figs. 4(b) and 4(c). Finally each of
the elongating filaments develops to a shape with length:
radius ratio of about 60/1.2 ymat z = 6.0 x 1073 [Figs. 4(d)
and 4(e)] and the stage enters the IV regime, showing /., =
0.0304z/0h [19].

The simulations in Figs. 3 and 4 demonstrate that after
the neck is formed at the center, the fluids accelerate
outward between the regions of high and low pressure, i.e.,
the regions around the flatter interface at the center and the
steeper profiles next to the two outer bulbs, respectively.
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FIG. 5. The collision sequences of tetradecane droplets with
(A A=1.0, U=229 m/s; (b) A=1.17, U =2.26 m/s; and
(c) A =1.28, U = 2.30 m/s. Here, for the smaller droplet, R, =
150 ym and Oh; = 0.0376. Time unit, ms.

With nearly stagnant fluids around the center, the elongated
drop thins fastest at the mirrored necks, leading to for-
mation of an island at the center which subsequently
develops to a satellite droplet. Such a symmetrical scenario
containing two asymmetric pinch-off’s in RS is consistent
with the generic breakup of contracting liquid filaments and
film bridges [18,20,22,23,41,42]. Therefore, in accordance
with the universality of the asymmetrical singularity and
scaling laws in pinching free-surface flow [19-24,43], a
symmetric breakup right at the center of tentatively united
drops after head-on impact can never result. There must be
one satellite droplet formed at the onset of RS.

To investigate possible ways to elimination of the
satellite droplet, the symmetry of head-on collision is
broken by slight change of the size ratio of impact droplets
[44], which could also be achieved by other means such as
using droplets of dissimilar liquid properties [13,45-47].
The effect of size ratio (A = R;/R;) on the satellite droplet
formation, where R; and R; are the radius of the large and
small droplets, respectively, is demonstrated by the sequen-
ces in Fig. 5 for tetradecane droplets. With a symmetry
[Fig. 5(a)], a satellite droplet is created and there is no
mixing in the two primary drops after collision. When the
size ratio is raised to 1.17, as shown in Fig. 5(b), some mass
of the larger drop (dyed red) penetrates into the smaller
one (transparent originally) and causes internal stirring at
the relaxation stage (¢ = 1.075 ms). The liquid from the
originally larger droplet enlarges the smaller one and
thickens the neck beside it (1.675 ms). While both necks
taper as the drop elongates, the thinner neck breaks earlier

22 T T - 1.25
2 X 1 satellite 4 0 satellite (a) X 1satellite @ 0satellite  (b)
12 2
18 O Coalescence Q)& o d O Coalescence x
: 8 #H o] 115 . ¢
416 Sneee0e XX X
14 L1 ® ¢+ ®e x XX
. LS
%ﬁ 9 MK X KX
* “ 1.05
12 000#XX *’g,%? % 00 X3X XX X X
1 1 se—e
30 35 40 45 50 17 19 21 23

We, We,

FIG. 6. Formation of satellite droplets in collisions of (a) tetra-
decane with Ohy; = 0.0376 and (b) water with Oh,; = 0.0089.
R, = 0.3 mm.

(~1.725 ms). A round end of center mass is formed by the
pinching point at ¢ = 1.825 ms and recedes to the left.
Then the thicker neck ruptures as well (1.875 ms), leading
to formation of a satellite droplet. By further increasing A,
substantial asymmetry is created after impact, as shown in
Fig. 5(c). Consequently, after the thinner neck breaks
(1.775 ms), the remaining mass of the thread is pulled
more rapidly toward the left drop (now larger) by the
surface force. Subsequently it merges with the left drop
before a significant thinning of the thicker neck can be
observed. Note that the dye additive, Sudan Red, made a
negligible change on the fluid properties of tetradecane
(within 0.4%).

The variation of satellite droplet formation versus the
size ratio is shown in Fig. 6, in terms of the We of the
smaller droplet for two Oh, values. For slightly viscous
droplets (tetradecane, Ohy; = 0.0376), Fig. 6(a) shows that
the satellite droplet can be eliminated when the difference
in the radii of impinging droplets exceeds 18% of the
smaller one. On the other hand, for the near-inviscid
droplets (water, Oh; = 0.0089), as shown in Fig. 6(b),
only 10% of the size difference is needed to eliminate the
satellite droplet.

In passing, we note that, though the symmetry of the
droplet collision could be broken with a slight change of the
impact angle, the experiment demonstrated very little effect
on suppressing the satellite droplet. This was because RS
was created within 12° [29], and permanent coalescence
occurred beyond this threshold. Similar results were also
observed in the collisions of propanol droplets [12].

In summary, we have investigated the formation of
satellite droplets near the threshold of RS in the symmet-
rical collision between two droplets for near-inviscid to
slightly viscous fluids. The experiments have shown that in
the wide range of Oh values (0.0061-0.152), at least one
satellite droplet must be formed upon the onset of sepa-
ration. Accordingly, the numerical simulations further
demonstrate that the pinching necks of the temporarily
coalesced drop, created at the two sides, are asym-
metrical. The results agree well with the universal features
of pinching free-surface flow and the scaling laws
[19,21,23,24]. This demonstrates that pinch-off cannot
occur in the middle between two primary drops [48].
That is, the profile nearing the breaking point is unlikely
to be symmetrical, as was described in previous plots of
reflexive separations [9,11-13,45]. The pinch-off induced
by an asymmetrical singularity [21] is more likely to locate
between a steeper free surface (primary drop on the outer
side) and a flatter free surface (liquid thread on the inner
side). Two pinched free surfaces with mirrored asymmet-
rical profiles thus permit the formation of a satellite droplet
upon breakup. Moreover, the collisions between two
droplets with unequal sizes demonstrate the effectiveness
of asymmetrical impact on the suppression of satellite
droplet formation.
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