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When two jets of fluid collide, they can “bounce” off each other, due to a thin film of air which keeps
them separated. We describe the phenomenon of stable noncoalescence between two jets of the same fluid,
colliding obliquely with each other. Using a simple experimental setup, we carry out a parametric study of
the bouncing jets by varying the jet diameter, velocity, angle of inclination, and fluid viscosity, which
suggests that the contact time of bouncing jets scales as the square root of the normal Weber number We.
A dimensionless parameter K = (We\/R_e/ sina)!/2, where Re is the normal Reynolds number and « the
angle of inclination of the jets, quantitatively captures the transition of colliding jets from bouncing to
coalescence. This parameter draws parallels between jet coalescence and droplet splashing and indicates
that the transition is governed by a surface instability. Stable and continuous noncoalescence between fluid
jets makes it a good platform for experimental studies of the interaction between fluid interfaces and the

properties of the interfacial air films.
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While intuition tells us that two streams of fluid collid-
ing with each other will mix together into one stream,
that is not always the case. Contrary to the expectation,
two jets of fluid can undergo stable noncoalescence and
thus bounce off each other upon collision [Fig. 1(a)].
Understanding the interaction between two fluid interfaces
is central to a variety of industrial and everyday processes,
such as raindrop formation [1], spray coating [2], inkjet
printing [3], and metallurgical processes [4]. In 1878,
Lord Rayleigh [5,6] was the first to point out that drops
and jets could bounce off each other, which led to a series
of investigations on the noncoalescence between drops and
jets [7-10]. Noncoalescence between a drop and the free
surface of fluid was first reported by Reynolds in 1881 [11]
and has since been studied in much detail [12—14]. Since
then, many variations of drop-surface system have been
explored, such as drop bouncing on an oscillating surface
[15], drop bouncing on a soap film [16,17], and drop
floating on a hydraulic jump [18]. The jets noncoalescence
problem was revisited by Wadhwa and Jung [19], who
reported noncoalescence between two and three jets and
between a jet and drops of the same fluid. However, there
have still been no quantitative studies on the noncoales-
cence in jets since the early work by Rayleigh.

Noncoalescence between two drops, or between a drop
and a surface, takes place because air takes a finite time
to flow out of the region between the two interfaces when
they come close to each other. As soon as the air is drained
out from between the interfaces, coalescence takes place. A
fundamental difference between the drop noncoalescence
and jet noncoalescence, is that the latter is a steady state
process; the air film separating the two jets is entrained
by the flow of the jets and is continuously replenished,
resulting in self-sustained continuous noncoalescence.
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Figure 1(a) shows an example of two silicone oil jets
bouncing off each other upon collision. The jets drag along
air into the collision region where it is squeezed in a thin
film. Since the thickness of the air film is much smaller
than the other dimensions, lubrication approximation is
applicable [20], which results in high magnitude forces
keeping the jets apart. When the jet velocity V is increased
beyond a threshold, the jets undergo coalescence, as shown
in Fig. 1(b).

Silicone oils (Clearco Products Co., Inc.) are used for
most experiments in order to avoid any surface contami-
nation. These oils have kinematic viscosity v = 4.37, 8.52,
17.9, and 46.6 cSt, surface tension o = 19.7, 20.1, 20.6,
and 20.8 mN/m, and density p = 918, 935, 950, and
960 kg/m?, respectively. A few experiments with glycerol
solution in water (75% by weight, o = 66.1 mN/m,
v =22.44 cSt, and p = 1195 kg/m?) are conducted to
explore the role of surface tension. Two blunt tip stainless
steel needles with a circular cross section are fitted on
three-axis translation stages and arranged such that the
jets emerging from them lie in the same vertical plane
and collide with each other obliquely. Needles with inter-
nal diameter D = 0.58, 0.65, 0.81, 0.97, and 1.35 mm are
used in this study. The needles are supplied with fluid from
two glass syringes using a syringe pump, whose flow rates
could be precisely adjusted to control the velocity of the
colliding jets. Flow rates ranging from 400 to 2900 ml/hr
are used in the experiments. The collision region is imaged
using a digital SLR camera, from a direction perpendicular
to the plane containing the jets.

We measure the contact length L and the jet angle o of
bouncing jets from the images for various combinations of
V and D for different fluid viscosities [inset in Fig. 2(a)].
We then calculate the contact time 7" by dividing L with the
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FIG. 1 (color online). (a) Two silicone oil jets (kinematic
viscosity 17.9 ¢St, diameter 0.97 mm, velocity 0.53 m/s, angle
45° with the vertical) collide obliquely and bounce off each
other and (b) the jets coalesce when the velocity is increased
to 0.64 m/s.

vertical component of the jet velocity, such that 7 =
L/V cosa. Assuming that the rebound of the jets is inertial,
T can be derived from a scaling analysis by considering
a balance between the kinetic and surface energies at
maximal deformation. If the kinetic energy due to velocity
normal to the collision plane (of the order of p(V sina)*D?,
with V ~ §/T where & is the change in diameter of the
jet during the collision) is balanced with surface energy
(of the order of 82), then we get T ~ (pD3sinZa/c)!/2.
In a dimensionless form, this scaling can be written as
T X V/D ~ (We)'/2, where We is the normal Weber num-
ber, defined as We = p(V sina)’>D/ 0.

Plotted against We on a logarithmic scale, the dimen-
sionless contact time T X V/D is seen to scale with We,
as shown in Fig. 2(a). The best fit line has a slope of
0.49 (rmse = 0.12, R? = 0.82), suggesting a square root
scaling. The plot includes data for five different values of D
and four different values of v, for various jet angles (see
Supplemental Material [21] for the data points correspond-
ing to different angles). Two data points for glycerol solu-
tion (which has a much higher surface tension than silicone
oil) also fall on top of the silicone oil data, thus confirming
the scaling. By rearranging the terms in this scaling, we get
T/D3?sina ~ (p/o)'/2. For the experiments with differ-
ent silicone oils, which all have almost the same value of
surface tension and density, 7/D%? sina should be inde-
pendent of V and roughly constant. Figure 2(b) shows
T /D3 sina plotted against the V, and it shows no signifi-
cant trend with V (see Supplemental Material [21] for a
plot highlighting the effect of diameter).

These results are in good agreement with the previous
studies involving drops bouncing on hydrophobic surfaces
[22], beads bouncing on elastic membranes [23], and drops
bouncing on soap films [17]. The rebound of the jets is
caused by surface tension acting like a compressed spring
during the collision. Bouncing jets thus act like a classic
inertial spring system, for which the time period is propor-
tional to the square root of the ratio of inertia to the spring
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FIG. 2 (color online). (a) log-log plot between dimensionless
contact time against normal Weber number (We) for »=4.37 cSt
(green), v = 8.52 ¢St (black), v = 17.9 ¢St (red), v = 46.6 cSt
(blue) and 75% by weight glycerol solution (red diamonds).
Solid line is the best fit on the data with slope = 0.49 (rmse =
0.12) and R? = 0.82. Dashed line is a guide to the eye with a
slope of 0.5. Inset: A typical image from the experiment. L is
the length of the contact region, « the angle the jets make with
the vertical, and 6 is the change in diameter of the jet during the
collision. (b) T/D*?sina for all silicone oil data indicating
velocity independence. Color code is the same as that in (a).

constant. Surface tension acts as the spring constant and
the ratio of inertia to the surface tension is given by We.
The contact time is, therefore, found to scale with the
square root of We, within experimental error.

We investigate the transition of colliding jets from
bouncing to coalescence in another set of experiments. In
the coalescence state, no bouncing is observed in the jets
upon collision. In contrast, the bouncing state is bistable;
the jets can coalesce due to dirt or perturbation and stay
coalesced. In order to distinguish between such events of
coalescence and true transition to coalescence, we employ
the following method. Starting with two coalesced jets,
bouncing is initiated by perturbing them with a needle and
the time elapsed from the beginning of bouncing to recoa-
lescence is measured. This is repeated 20 times and median
bouncing life-time and the mean absolute deviation is
calculated. Keeping other parameters fixed, the median
bouncing life-time of the jets decreases monotonically with
an increase in velocity, as shown in the inset in Fig. 3(a).
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FIG. 3 (color online). (a) Transition velocity V. versus « for
three different diameters (v = 17.9 c¢St). Solid lines represent
experimental data and dashed lines represent transition velocity
calculated from K. = 6.1. (Inset) Median bouncing life-time
versus jet velocity V for »=17.9 cSt, D =1.35mm, a = 38.8°.
Red arrow indicates V. Error bars are of length equal to one
mean absolute deviation. (b) K = (We+/Re/ sina)'/? versus jet
angle . Open symbols represent bouncing and solid symbols
represent coalescence. Solid horizontal line represents the
K. = 6.1, while the shaded region is of thickness equal to twice
the standard deviation (V. = 0.4, n = 32). Color and size code
for the symbols is same as that in Fig. 2.

Beyond a threshold velocity, no bouncing is observed in
20 trials and the median bouncing life-time thus dropped
down to 0. This velocity is termed as the transition velocity
(V) for the given set of fluid properties, jet diameter,
and angle. For fixed », the transition velocity decreases
both with an increase in D and in « [Fig. 3(a)]. We thus
determined V, for various combinations of v, D, and «.

A unifying criterion for transition from bouncing to
coalescence is found in terms of the parameter K, defined
as K = (We+/Re/ sina)!/2, where We is the normal Weber
number as defined earlier, and Re the normal Reynolds
number defined as Re = Vsina X D/v. This is graphi-
cally shown in Fig. 3(b), which shows K for observations
from experiments with four different jet diameters and
three different viscosities, with solid symbols representing
coalescence and open symbols representing bouncing. The
solid, horizontal line represents the average critical value
of K, termed K, which is found to be 6.1. When the
transition velocity V.. is backcalculated from K, = 6.1,
it matches very well with the observed transition velocity
[dashed lines in Fig. 3(a)].

FIG. 4. Transition from bouncing to coalescence. Sequence of
high speed images shows coalescence triggering in the top
portion of the contact region (top panel) and coalescence trigger-
ing in the bottom portion of the contact region (bottom panel).
Videos were taken at 20000 frames per second. White arrows
point to the location where coalescence occurs. ¥ = 17.9 cSt,
V=0.59 m/s, D =0.81 mm, o = 62.7°.

The parameter K has previously been reported in the
literature, albeit without the sina in the denominator
[24-26]. In the phenomenon of drop impact on a solid
surface, it has been shown to be responsible for the tran-
sition between depositing and crown formation in the
impacting drop. We infer that the transition to coalescence
in colliding jets is governed by a similar instability as
that in the crowning or splashing of drops. During the
collision of the jets, at higher velocities, the fluid inter-
face has a tendency to become unstable due to the high
value of inertia dominating the surface tension forces.
Further, the size of these instabilities or lamellae is dictated
by the momentum boundary layer thickness, as argued in
the droplet splashing studies [24,27,28]. The balance
between inertia and surface tension, combined with the
length scale proportionality to the momentum boundary
layer thickness, results in the combination of dimension-
less numbers denoted as the parameter K.

Another possible explanation for the transition from
bouncing to coalescence is the thinning of the air film
separating the jets, to a critical thickness required for
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coalescence [15]. The thickness of the air film is expected
to be minimum at the midpoint of the contact region, as it
is at the midpoint where the jets start to recoil. When this
minimum thickness becomes equal to the critical thickness
required for van der Waals forces to become dominant,
the jets coalesce. The thickness at which van der Waals
forces become important has been reported to be around
100-200 nm [13,15,17]. If coalescence is caused by thin-
ning of the air film to this critical thickness, we should
expect it to always start at the midpoint of the contact
region. If an instability on the interface is responsible for
the coalescence, it could start at any point in the contact
region, though the midpoint is still a more likely location
due to the smaller thickness of the air film.

We used high speed imaging to film the contact region
between the jets at the time of coalescence. Figure 4
shows high-speed images from two different events of
coalescence between two silicone oil jets under the same
experimental conditions (see Supplemental Material [21]
for high speed movies). The top panel shows a case in
which coalescence is triggered in the top portion of the
contact region, while the images from another coales-
cence incident (bottom panel) show that coalescence is
triggered in the bottom portion of the contact region. We
also see other cases in which coalescence is triggered in
other locations in the contact region. From this evidence,
we conclude that an instability on the interface of collid-
ing jets is responsible for a transition to coalescence, the
quantitative criterion for which is given by the parameter
K, described above.

In summary, we have presented the first quantitative
investigation on the noncoalescence between jets of the
same fluid. Our experiments show that the recoil of the jets
after the collision is surface-tension dominated, an impli-
cation of which is that the dimensionless contact time of
bouncing jets scales with the normal Weber number (We).
Further, a parametric investigation of the transition from
bouncing to coalescence in colliding jets shows that the
parameter K = (We+/Re/ sina)'/2 governs whether the
jets will bounce or coalesce upon collision. The emergence
of K as the criterion for transition to coalescence suggests
that jet coalescence is caused by a splashing-type instabil-
ity on the fluid-air interface.

Bouncing jets is a rich system to study; while we focused
on the collision of jets with identical properties, one could
also have different hydrodynamic and physical properties
in the two colliding jets, with a different set of dimension-
less parameters for each of the jets. We also observed
bouncing in three colliding jets for two different configu-
rations, one in which jets were in the same vertical plane
and another in which they were in three different planes
(see Supplemental Material [21] for images). We hope that
the stable and continuous noncoalescence in bouncing jets
can be useful in gaining a better understanding of fluid-
fluid noncoalescence and interfacial dynamics.
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