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ABSTRACT: Although droplet self-jumping on hydrophobic fibers is a well-known phenomenon, the influence of viscous bulk
fluids on this process is still not fully understood. In this work, two water droplets’ coalescence on a single stainless-steel fiber in oil
was investigated experimentally. Results showed that lowering the bulk fluid viscosity and increasing the oil−water interfacial tension
promoted droplet deformation, reducing the coalescence time of each stage. While the total coalescence time was more influenced
by the viscosity and under-oil contact angle than the bulk fluid density. For water droplets coalescing on hydrophobic fibers in oils,
the expansion of the liquid bridge can be affected by the bulk fluid, but the expansion dynamics exhibited similar behavior. The drops
begin their coalescence in an inertially limited viscous regime and transition to an inertia regime. Larger droplets did accelerate the
expansion of the liquid bridge but had no obvious influence on the number of coalescence stages and coalescence time. This study
can provide a more profound understanding of the mechanisms underlying the behavior of water droplet coalescence on
hydrophobic surfaces in oil.

1. INTRODUCTION
Water pollution in oil is a common phenomenon in many
industrial applications and can cause many problems, such as,
water in jet fuel not only impacts the lubricative properties of
fuel but also can freeze in sub-zero conditions restricting fuel
flow and even can cause air crashes.1,2 Hence, separating
dispersion water from oil is necessary for safety, ecological, and
economic reasons.3,4

Membrane separation techniques have been developed and
considered as an effective technique for oil/water emulsion
separation due to their environmental friendliness, cost-
effectiveness, and high separation efficiency.5,6 Nevertheless,
pressure-driven oil/water separation membranes are often
affected by fouling caused by heterogeneous particles
deposited on the membrane surface, such as inorganic ions
or salt deposits.7,8 It can significantly reduce the performance
of membrane separation and shorten the membrane lifetime.
Effective methods for mitigating membrane fouling include
regulating the mass transfer of the feed solution into the
membrane modules, enhancing membrane cleaning proce-

dures, and developing membranes with improved fouling
resistance.9 The techniques mentioned above have been
utilized in many industries; however, these technologies suffer
from high costs and complex operational steps.

Recently, coalescence-induced droplet jumping on hydro-
phobic surfaces has been shown to be a very effective way to
achieve self-cleaning and anti-fouling without external
forces.10,11 As droplets coalesce, surface energy released during
the coalescence process can drive the self-propelled jumping of
the liquid droplets on superhydrophobic solid surfaces, and the
jumping droplets can additionally carry particles toward self-
cleaning.12−17 This is an autonomous movement that clears
liquid droplets without external forces, reducing solid particles’
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residence time and surface coverage, which may open new
avenues for improving self-cleaning and anti-fouling of
membranes for water−oil emulsion separation.

Droplet jumping behavior can be influenced not only by the
microstructures of hydrophobic surfaces18−25 and the charac-
teristic of droplets25−29 but also by the bulk fluids surrounding
the droplets.30−32 However, most of the work was limited to
studying the behavior of water droplet coalescence and
jumping in the air, and few mention the effects of bulk fluids
on the droplet coalescence and jumping behavior. It has been
reported that the properties of the bulk fluid can affect the
merged behaviors of droplets. Farokhirad31 used a multiphase
lattice Boltzmann method to simulate the effects of air viscosity
and density on the droplet bounce process. They found that
increasing the viscosity of the air would inhibit the flow of the
inner part of the liquid during droplet coalescence, while
increasing the density of the air would increase the droplet’s
take-off height.

Furthermore, researchers have demonstrated that the
dynamics of liquid bridge expansion of droplet coalescence
also could be affected by bulk fluids.33 At the early stages, the
neck radius of the liquid bridge, r(t), expands as a function of t,
the time since initial contact, and the dynamics were
determined by r(t)/Ri∝Oh,34−36 where Oh is the Ohnesorge
number, which represents the ratio of internal viscosity
dissipation to the surface tension energy, and Ri is the droplet
radius. For droplet coalescence in air, the droplets usually
begin their coalescence in the inertially limited viscous regime
and then transition to the inertial regime37−39 but for droplet
coalescence in outer viscous fluids, the regime of droplet
coalescence depends on the Ohnesorge number, which is
related to the fluid properties of bulk fluids and droplets.40,41

In addition, unlike the droplet coalescence-induced jumping
on superhydrophobic surfaces in air, in viscous bulk fluids, the
effect of oil−water interfacial tension also needs to be
considered in addition to the effect of viscosity and density
of the bulk fluid.42,43 All of these make the processes of droplet
coalescence and jumping in viscous fluids more complicated.
Therefore, complex events occurring in a viscous fluid are not
adequately understood, and the influence of bulk fluids on
droplet coalescence and jumping behaviors is crucial.

In this work, we are devoted to investigating the differences
in the droplet coalescence and self-removal behavior on
hydrophobic fibers in oils, and its potential applications in anti-
fouling membranes for oil−water separation. We focused on
identifying the differences in this behavior compared to
previous studies in air-based systems. Our findings shed light
on the potential of utilizing these properties for developing
innovative anti-fouling strategies for oil−water separation
membranes. n-Hexane (n-C6H14), n-dodecane (n-C12H26),
and toluene (C7H8) were selected as the bulk fluids, and 304
stainless-steel fibers (SS) were chosen as a hydrophobic fiber
under oil. The effects of bulk fluid viscosity, oil−water
interfacial tension, under-oil water contact angle (WCA), and
droplet size on the droplet coalescence and self-removal
behaviors on the fibers were systematically studied to
understand the dynamics of water droplet coalescence-induced
jumping in viscous bulk fluids.

2. METHODS
2.1. Experimental Materials. In this paper, three different

organic solvents (n-hexane (n-C6H14), n-dodecane (n-C12H26),
and toluene (C7H8)) were chosen as bulk fluid. At room

temperature, due to the similarity of oil-water interfacial
tension between n-C6H14 and n-C12H26, and the similarity of
the viscosity between n-C6H14 and C7H8, respectively, which is
convenient to study the influence of bulk fluid properties on
the dynamic behavior of water droplet coalescence-induced
self-removal on the hydrophobic surface. All chemicals used
here were purchased from Tianjin Yuanli Chemical Co., Ltd.
(Tianjin, China). The physical properties of the bulk fluids are
listed in Table 1. All the values were measured at 25 °C under
atmospheric pressure.

The under-oil hydrophobic fibers used here were 304
stainless-steel fibers (SS) with a radius of about 18 μm.
Moreover, the fibers were thoroughly rinsed with deionized
water, acetone, and alcohol and dried in air overnight before
being used without additional treatment. Their WCA under-oil
is listed in Table 1, and Figure 1 presents scanning electron
microscopy (SEM) images of 304 SS fibers.

2.2. Experimental Method. A photograph of the
experimental setup is shown in Figure 2. The experimental
setup includes an imaging system, glass experimental test cell,
horizontal precision platform, droplet driving device, and light-
emitting diode light source. The glass experimental test cell is
assembled by a quartz glass square cylinder, fixed bracket, and
304 SS fiber. The droplet driving device is equipped with a
precision mobile platform with 0.01 mm resolution and a more
hyd rophob i c fibe r , s p e c i fi c a l l y a sma l l po l y -
(tetrafluoroethylene) (PTFE) rod with a tapered tip. The tip
of the PTFE rod was controlled to be within 100 μm.

The water droplets were first manually placed on the fiber
under oil via a microsyringe, then one of the water droplets was
slowly approached toward the other with the aid of a precision
mobile platform with a hydrophobic PTFE rod. Coalescence
events were observed from a side view using a high-speed
camera (i-Speed 3, Olympus Corporation, Tokyo, Japan)
equipped with a macro focus zoom lens, the images were

Table 1. Various Liquid Parameters in the Experiments (25
°C)a

property
density

ρ/g/cm3
viscosity
μ/mPa s

surface
tension

γ/mN/m

oil−water
interfacial
tension

γow/mN/m

under-oil
WCA of
304 SS/°

n-C6H14 0.653 0.6393 17.52 50.51 115.50 ± 2
n-C12H26 0.740 1.3746 25.00 50.10 122.33 ± 1
C7H8 0.862 0.561 27.98 35.70 120.25 ± 2
deionized
water

0.997 0.8937 71.97

aAll of the values are the average values of three individual
measurements.

Figure 1. (a, b) SEM images of 304 stainless steel with a fiber radius
of rf ≈ 18 μm at different scales.
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captured at an exposure time of 1/5000 s and recorded at
2000−5000 frames per second. To reduce the influence of the
PTFE rod on the coalescence process of water droplets on
fibers, when two water droplets are about to touch, the moving
speed of the droplet should be as small as possible, so that the
two water droplets touch gently, triggering the merging of the
droplets. Images were processed by Image-Pro Plus software to
obtain information, including the droplet size, morphology
evolution, and so on. The size of the droplets was obtained by
setting a reference object of known size. The time of one frame
before the liquid bridge starts to expand is set to zero. All
experiments were conducted at room temperature.
2.3. Presentation of Physical Parameters. To evaluate

the relative importance of different forces on the droplet
coalescence and self-removal behaviors on the fibers in oil, the
following dimensionless physical parameters were adopted:

The Ohnesorge number, Oh, denotes the relative
importance of the internal viscosity dissipation effect versus
the surface tension energy effect.44

Oh R/ iw w ow= (1)

where μw and ρw are the viscosity and density of water droplets,
respectively, γow is the oil−water interfacial tension, and Ri is
the droplet radius.

The negative buoyancy of water droplets in oil can be
calculated as follows

F gR
4
3

( )ib
3

o w=
(2)

and the settling velocity of a water droplet in oil can be
estimated according to the Stokes formula

V gR2
9

w
i

o

o

=
(3)

where ρo and μo are the density and viscosity of the bulk fluid,
respectively, and g is the gravitational constant. The settling
velocity of merged droplets calculated here does not take into
account the adhesion energy between droplets and fibers and
the initial jumping velocity.

In this work, the droplet radius studied here ranged from 0.4
to 0.75 mm, according to the physical properties of the bulk
fluids listed in Table 1, the corresponding Ohnesorge number
(Oh), negative buoyancy (Fb), and settling velocity (V) can be
calculated and the results were presented in Table 2.

As shown in Table 2, the number of Oh was varied only by a
factor of 2 and the drop diameter was also varied by a factor of
2. According to the Ohnesorge number calculation formula,
this number can be adjusted by changing the droplet radius or
interfacial tension. However, in our experiments, it was difficult
to achieve large-scale control of droplet radius or interfacial
tension on fibers due to practical limitations. Coalescence was
challenging to achieve with too low interfacial tension or too
small droplets. Furthermore, in real oil−water emulsions,
droplet sizes are usually larger than 10 μm, which implies that
the Ohnesorge number values are within the range studied in
our research. Therefore, we believe that our experiments
provide useful insights into this phenomenon and reveal the
governing mechanism of this phenomenon.

3. RESULTS AND DISCUSSION
3.1. Morphology Evolution of Water Droplet Coa-

lescence on Hydrophobic Fibers in Oil. In this section, the
effects of bulk fluid viscosity and oil−water interfacial tension
on the coalescence behavior of droplet coalescence on
hydrophobic fibers in oil were investigated.
3.1.1. Effect of Bulk Fluid Viscosity. According to the

physical characteristics of liquid in Table 1, the viscosity and
oil−water interfacial tension of n-C6H14 and n-C12H26 are
about 0.6393 and 1.3746 mPa s and 50.51 and 50.1 mN/m,
respectively. Although the difference in density between the
two fluids is about 13%, the effect of bulk fluid density on the
coalescence and self-removal behavior was small compared to
viscosity. Hence, n-C6H14 and n-C12H26 were chosen as bulk
fluid to study the effect of the viscosity of bulk fluid on the
coalescence behavior of water droplets on hydrophobic fibers
in oil.

Time-lapse images of the coalescence of two water droplets
about 1 mm in diameter on hydrophobic fibers in n-C6H14 and
n-C12H26 are shown in Figure 3.

Comparing Figure 3a with Figure 3b, it was found that in n-
C6H14 and n-C12H26, the time from the beginning of water

Figure 2. Photographs of the experimental setup. (a) Photograph of
the assembled experimental setup. (b) Glass experimental test cell.

Table 2. Corresponding Ohnesorge Number (Oh), Negative
Buoyancy (Fb), and Settling Velocity (V) of Water Droplets
Studied Here

bulk fluid Ri/mm Oh Fb × 10−12/N V/mm/s

n-C6H14 0.44 0.005 −1.202 0.227
0.57 0.005 −2.614 0.381
0.71 0.004 −5.052 0.591

n-C12H26 0.44 0.011 −0.898 0.079
0.57 0.009 −1.953 0.132
0.71 0.008 −3.774 0.205

C7H8 0.44 0.005 −0.472 0.101
0.57 0.004 −1.026 0.170
0.71 0.004 −1.982 0.264
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droplet coalescence to the detachment from the fibers is
different, but the morphology evolution during the coalescence
is similar. Generally, according to the morphology evolution of
droplets along the X and Z axes, the process can be divided
into six stages. First, the liquid bridge grows between the
merging droplets. Second, the three-phase contact line retracts
allowing the droplets to merge into a larger one. Third, the
merged droplet’s centroid descends rapidly along the Z-axis.
Fourth, the merged droplet expands along the X-axis. Fifth, the
centroid of the merged droplet descends along the Z-axis once
more. Finally, the merged droplet sheds from the fiber.

During the initial two stages, the primary changes in the
merged droplets’ shape were due to the growth of the liquid
bridge and the retraction of the three-phase contact line. These
alterations facilitated the combination of two small droplets
into a larger one. In the third stage, the centroid of the merged
droplet rapidly descended along the Z axis, while the merged
droplet remained attached to the fiber surface. Subsequently,
the merged droplets undergo oscillations along the X, Y, and Z
axes in the following three stages, until they eventually
detached from the fibers due to the combined effects of gravity
and fluid resistance. The fluid drag force is instrumental in
overcoming the adhesion force between the droplet and the
fiber, while simultaneously preventing the droplets from
reattaching to the fiber surface, thereby ensuring a smooth
detachment of the droplets under the influence of gravity.

According to time-lapse images of water droplet coalescence
in n-C6H14 (as shown in Figure 3a), as two droplets contact
together (0 ms), a tiny liquid bridge is formed and driven by
the capillary pressure, the liquid bridge expands rapidly from
zero to just equal to the diameter of the initial droplets (2.5
ms), at which point the three-phase contact line reaches the
maximum. Then, the merged droplet starts to shrink along the
X-axis due to the excess surface energy and at 5.0 ms, the two
droplets merged into a larger one. After the merging process in
stage III, the resulting droplet quickly descended along the Z-
axis within a remarkably short time of 1.5 ms. It is worth
noting that unlike the coalescence of water droplets on
superhydrophobic plates in air,27,36,45 the merged droplets, in
this case, remained attached to the fiber surface. Additionally,
they continued to oscillate along both the Z-axis and X-axis

even after stage III. The droplets were only separated from the
fibers after a duration of approximately 18.5 ms.

The main reason for this is that the viscosity of the bulk fluid
studied here is much higher than that of air, which hinders the
detachment of water droplets from fibers. According to the
Stokes drag equation, the drag force of bulk fluid to a droplet,
Fdrag = 6πμoRiu, where Fdrag is the drag force, μo is the viscosity
of the bulk fluid, and u is the instantaneous droplet velocity
during the detaching process, is proportional to the viscosity of
the bulk fluid. Thus, for droplet coalescence in oil, most of the
excess surface energy is needed to overcome the viscosity
dissipation energy, and only a small part of the excess surface
energy is converted to kinetic energy. In addition, the small
contact area between the water droplets and the fibers is not
conducive to converting the excess surface energy into kinetic
energy. Therefore, the detaching behavior of water droplets in
oil is more difficult than that in air. The detaching of the
merged droplets from the fibers mainly depended on the
shrinkage of merged droplets rather than on jumping, as shown
in Figure 3a.

The time-lapse images in Figure 3b depicting water droplet
coalescence in n-C12H26 appeared to be similar to those in
Figure 3a for n-C6H14, except for the fact that the coalescence
process took longer for each stage in n-C12H26 compared to n-
C6H14. In the first three stages, the coalescence time for n-
C6H14 was approximately 6.5 ms, while for n-C12H26, it was
around 11 ms, which is roughly 1.7 times longer than that of n-
C6H14. Similarly, during the last three stages, the coalescence
time for n-C6H14 and n-C12H26 was about 12 and 19.5 ms,
respectively. This means that the coalescence time for n-
C12H26 was also approximately 1.6 times longer than that of n-
C6H14. This is because n-C12H26 has a higher viscosity
compared to n-C6H14. As a result, the impact of the bulk
fluid on droplet coalescence is more significant in n-C12H26,
making droplet deformation more challenging, and leading to a
longer coalescence time in this fluid.

Despite the water droplets in n-C6H14 having a lower
negative buoyancy than those in n-C12H26, the difference
between the two is only approximately 25.2%, as indicated in
Table 2. Therefore, the influence of gravity-buoyancy on the

Figure 3. Effects of outer fluid viscosity on the morphology evolution of coalescence droplet on hydrophobic fibers. (a) Coalescence in n-C6H14
and (b) coalescence in n-C12H26.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01209
ACS Omega 2023, 8, 18019−18028

18022

https://pubs.acs.org/doi/10.1021/acsomega.3c01209?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01209?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01209?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01209?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coalescence process is not significant compared to the impact
of the bulk fluid viscosity.

Moreover, although the under-oil WCA of a water droplet
on SS fibers in n-C12H26 is larger than that in n-C6H14, as
shown in Table 1, the viscosity of n-C12H26 is higher than that
of n-C6H14. This results in larger viscosity dissipation energy,
which leads to less kinetic energy of the merged droplet.
Therefore, the influence of under-oil WCA was not significant
in this case.

Figure 4 shows the time and time ratio of each stage for
water droplet coalescence in n-C6H14 and n-C12H26. As can be

seen from this figure, the time of water droplet coalescence in
the higher viscous bulk fluid (i.e., t1), that is, in n-C12H26, is
longer than that in n-C6H14 (i.e., t2), but the time ratio (t1/t2)
is not a constant. The value of t1/t2 shows a tendency of first
increasing and then decreasing during the coalescence process,
and the maximum is reached at stage III, which is t1/t2 = 3.0.

Unlike the coalescence of water droplets in the air, in the
viscous bulk fluids, the morphology evolution of merged
droplets would be affected by the bulk fluid, especially those
with larger viscosity. At stage I, the main morphology evolution
was the liquid bridge expansion. The driving force for the
liquid bridge expansion is the capillary pressure, Δp ≈ γowRi/
rc2, where rc is the neck radius of the liquid bridge.39 Because
the radius of the liquid bridge at this stage is very small, the
capillary pressure is so high that the influence of bulk fluids on
the expansion of the liquid bridge can be ignored; thus, the
difference between t1 and t2 was minimal. After this stage,
however, the main morphology evolution was the deformation
of merged droplets. The deformation rate was determined by
excess surface energy and viscosity dissipation energy, which
depended on the fluid properties of bulk fluid and droplets, as
well as on the droplet’s instantaneous velocity. Increasing the
viscosity of bulk fluid or the instantaneous velocity of merged
droplets both increase the viscosity dissipation energy, which
will result in an increase in coalescence time. For droplet
coalescence-induced self-removal on superhydrophobic surfa-
ces, the maximum instantaneous velocity was reached at stage
III.25,46 Moreover, due to the higher viscosity of n-C12H26, the
coalescence time at each stage was longer in n-C12H26 than in
n-C6H14 and this difference is especially evident at larger
instantaneous velocity. Hence, the value of t1/t2 shows a
tendency to increase and then decrease, reaching a maximum
at stage III.

In summary, the viscosity of the bulk fluid significantly
influences the morphology of merged droplets during the water
droplet coalescence in oil. Higher viscosity results in longer
coalescence times. And the impact of viscosity is more
pronounced at higher instantaneous velocities of merged
droplets. Hence, it is essential to have a thorough under-
standing of the bulk fluid’s properties and the merging process
dynamics to effectively control and optimize droplet
coalescence behavior in oil.
3.1.2. Effect of Oil−Water Interfacial Tension. In this

section, the influence of interfacial tension on the coalescence
and detaching behavior of water droplets on hydrophobic
fibers in n-C6H14 and C7H8 was investigated, and the results
are shown in Figure 5. The oil−water interfacial tension of n-

C6H14 and C7H8 is 50.51 and 35.7 mN/m, respectively, as
shown in Table 1. The diameter of the two water droplets
studied here was also about 1.0 mm.

Comparing Figure 5 with Figure 3a, it can be found that in
C7H8, the morphology evolution and the overall coalescence
time of the merged droplets were similar to those in n-C6H14,
but the number of coalescence stages was only four stages, and
the coalescence time of each stage was longer than that in n-
C6H14. It is well known that the driving force for the droplet
morphology and droplet jumping is excess surface energy,
which is proportional to the oil−water interfacial tension.27,28

As shown in Table 1, the oil−water interfacial tension of C7H8
is 35.7 mN/m, which is only about 70.7% that of n-C6H14.
Hence, the frequency of droplet morphology evolution in
C7H8 was lower than that in n-C6H14, i.e., the time required for
each stage of droplet deformation was larger than that in n-
C6H14, as shown in Figure 6.

The coalescence time in C7H8 was similar to that in n-
C6H14, despite fewer coalescence stages in C7H8, possibly due
to a larger under-oil WCA on the 304 fibers in C7H8 than in n-
C6H14. Table 1 shows that the under-oil WCA in n-C6H14 and
C7H8 is about 115.5 ± 2 and 120.25 ± 2°, respectively. Thus,
under the influence of gravity, the merged droplet was more
likely to detach from the fiber in C7H8 than in n-C6H14 due to
the larger contact angle. Despite the fact that the viscosity of
C7H8 is lower than that of n-C6H14, the density of C7H8 is
higher than that of n-C6H14. This means that the buoyancy of

Figure 4. Time and time ratio of each stage for two droplets
coalescing on hydrophobic fibers in n-C6H14 and n-C12H26.

Figure 5. Morphology evolution of coalescence droplets on
hydrophobic fibers in C7H8.
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water droplets in C7H8 is greater than that in n-C6H14, which
could counterbalance the beneficial effect of lower viscosity.

Figure 6 presents the times and time ratios for each stage of
two droplet coalescence in n-C6H14 and C7H8. Even though
the coalescence stage of water droplets in C7H8 occurred less
rapidly than in n-C6H14, the coalescence time for each stage of
water droplets in C7H8 (i.e., t3) was longer than in n-C6H14
(i.e., t2). Interestingly, the ratio of t3/t2 exhibited the same
trend as t1/t2 (as depicted in Figure 4), reaching a maximum
during stage III. The reason for this is the same, as mentioned
in Section 3.1.1, and is due to the influence of the viscosity of
bulk fluid and the morphology evolution rate of merged
droplets.

In summary, the coalescence and detaching of water droplets
on hydrophobic surfaces in oils are influenced by various
factors related to the bulk fluid. Lowering the viscosity of the
bulk fluid promotes coalescence and self-removal of water
droplets and reduces the coalescence time of each stage, while
increasing the oil−water interfacial tension may lead to a
higher frequency of droplet deformation. The total time for
water droplet coalescence and detaching from hydrophobic
fibers is determined by several factors, including the viscosity
of the bulk fluid, the under-oil WCA, and the gravity-buoyancy
effect. However, the effects of viscosity and under-oil WCA
play a critical role in determining the coalescence time.
3.2. Expansion Dynamics of Liquid Bridge during the

Coalescence Process. 3.2.1. Effect of Droplet Radius. To

better understand the influence of droplet radius on the
coalescence behavior of water droplets in oil, the variations of
the liquid bridge radius along the Z-axis with the coalescence
time were studied. The average radius of the initial droplet, R0,
studied here varied from 0.44 to 0.71 mm, and the bulk fluid
was n-C12H26, the results are shown in Figures 7 and 9.

As shown in Figure 7a, with the increase of coalescence time
t, the expansion rate of the liquid bridge differed for different
size droplets, but the curves for different droplet radii take on a
similar character, i.e., varying trends are almost the same except
the amplitudes are different. Moreover, the number of
coalescence stages and the coalescence time for each stage
are also the same for all droplets and are independent of the
droplet size. The evolution of liquid bridges mainly exists from
stage I to stage III. As the coalescence process enters stage IV
(at 11 ms), all the curves show an oscillation with time t. For
drop coalescence, capillary waves are generated as the droplet
starts to merge and then travel along the droplet interface until
reaching the droplet apex along the Z-axis, which results in the
fluctuation of liquid bridge in the first three stages.42 After the
radius along the Z-axis reached the maximum, the merged
droplet starts to retract at the beginning of stage IV. After that,
merged droplets start to oscillate along the Z-axis and X-axis,
respectively.

According to the capillary pressure equation, Δp ≈ γowRi/rc2,
the driving force for the liquid bridge expansion is proportional
to the oil interfacial tension and droplet radius but scales
inversely with the liquid bridge radius. Therefore, increasing
the droplet radius, Ri, can accelerate the expansion of the liquid
bridge, that is, larger droplets have a greater liquid bridge
radius expansion rate.

In our experiment, we observed that the number of
coalescence stages for water droplet coalescing on hydrophobic
fibers in n-C12H26 was independent of the initial droplet radii,
as shown in Figure 7a. However, according to Table 2, the
settling velocity of a water droplet with a radius of 0.71 mm
was approximately 2.6 times larger than that with a radius of
0.44 mm when the droplets were set in n-C12H26. If gravity had
a significant effect on the coalescence and detachment process,
it would be reflected in the time and stage of the coalescence.
However, this was not observed. Therefore, it can be inferred
that for water droplet coalescence on hydrophobic fibers in
oils, the effect of gravity on the coalescence stage and time was
not as significant as the effect of bulk fluid viscosity and

Figure 6. Time and time ratio of each stage for two droplets
coalescing on superhydrophobic fibers in n-C6H14 and C7H8.

Figure 7. Variations of the liquid bridge radius (rb) with the coalescence time (t) (a) throughout the whole process and (b) at stage I.
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interfacial tension. As previously stated, in the detachment
process of water droplets from hydrophobic fibers, the fluid
drag force is crucial in preventing the droplets from reattaching
to the fiber surface, thus ensuring a smooth detachment of the
droplets under the influence of gravity, the detachment process
was dominated by the bulk fluid viscosity.

For a better analysis, the liquid bridge radius at stage I is
redrawn with the coalescence time, as illustrated in Figure 7b.
It can be seen that the radius of the liquid bridge increases
linearly with the coalescence time, and the overall growth of
the liquid bridge is divided into two regions according to the
transition of the slope of the line. The crossover time is about t
= 2.5 ms. In the early stages of coalescence when rm ≪ Ri, the
curvature of liquid bridge is very high and the gap width is very
small, so the high-curvature meniscus can be represented by
two straight lines with a distance of 2rm apart. Meanwhile, the
capillary pressure and the bridge expansion rate are also very
high; thus, the effect of outer fluid on the liquid bridge can be
ignored. The flow in the inner region of the liquid bridge
provides the dominant contribution to the liquid expansion.
Moreover, the time of liquid bridge expansion can be measured
in units of μwRi/γow. Therefore, the radius of liquid bridge at a
certain time in the early stages of coalescence can be estimated
on a fixed scale of rc ∝ tγow/μw,

39 that is, the liquid bridge
expansion is linearly related to time.

The main reason for the transition of the slope of the line is
the change in the azimuthal curvature of the liquid neck.
According to the morphology evolution of coalescence water
with coalescence time shown in Figure 3b, the liquid bridge
can be classified into two types, i.e., the positive azimuthal
curvature and the negative azimuthal curvature, based on the
azimuthal curvature of the liquid neck. Hence, the variation of
the liquid bridge at stage I can be further divided into two
regions and named region I (positive azimuthal curvature) and
region II (negative azimuthal curvature),36 as shown in Figure
8. In region I, the two curvatures have opposite signs and can

accelerate the expansion of the neck in opposite directions, but
as the expansion goes on, the radius of curvatures increases,
resulting in a gradual decrease in the driving force, so the
expansion rate of the liquid bridge slows down. However, as
the liquid bridge expands into region II, the azimuthal
curvature of the neck bridge changes its direction, which
now acts as a resistance to the expansion of the liquid bridge,
so that the expansion rate of the liquid bridge slows down.
That is also the reason why the curves in Figure 7a present a
sharp increase followed by a gradual increase in the first three
stages.

To better analyze the coalescence dynamics of water
droplets in viscous bulk fluid, the liquid bridge radius was
nondimensionalized by the average radius of the initial droplet,
R0, and the results are shown in Figure 9a,b. All the curves

almost overlap at stage I, while there are some differences in
the later stages, as illustrated in Figure 9a. For droplet
coalescence and self-removal on hydrophobic fibers in oil, the
coalescence dynamics were determined by the competition
among capillary forces, viscous forces, inertial forces, and
surface adhesion forces. At stage I, because the capillary forces
and inertial forces are much larger than viscous forces and
surface adhesion forces, the coalescence was dominated by
capillary-inertial effects.33 However, as the coalescence
processes enter stage II, the effect of viscous forces increases
and their influence is not negligible. So, the droplet
morphology evolutions are determined by the competition
among capillary forces, viscous forces, inertial forces, and
surface adhesion forces, which accounts for the dependence of
the curves in Figure 9a on the initial droplet radius, except for
stage I.

In Figure 9b, the liquid radius at stage I is rescaled with R0. It
can be seen that all the data sets almost collapse into one line
when plotted in a dimensionless form, and the radius of the
liquid bridge expanding with time satisfies rb/R0 ∝ Cit, where
Ci is a constant. For water droplet coalescence in n-C12H26, the
constant Ci ≈ 0.321. For droplet coalescence in viscous bulk
fluid, the coalescence begins in the inertially limited viscous
regime, that is, at the early stages, the dynamics are dominated
by the inner fluid despite the much more viscous surroundings,
and all the data are consistent with rb/R0 ∝ t; at the later stage,
there is competition between the inner and surrounding fluids,
and the dynamics may be dominated by the inertial stress
(given by the inner or outer fluid) or by the viscous stress in
the outer fluid, which depends on the value of / Ro ow 0

(where ρ is the higher of the two-fluid densities).33 In this
study, the radius of water droplets Ri was less than 0.75 mm,
and the co r r e spond ing d imens ion l e s s number

R O/ (10 )out ow 0
3 was much lower than 0.3, so the

dynamics at the later times were dominated by the inertial
stress, which was given by the inner fluid.

As mentioned above, for the water droplet coalescence in n-
C12H26, the expansion rate of the liquid bridge was affected by
the droplet radius, increasing the droplet radius improved the
expansion rate of the liquid bridge, but the dynamics of water
droplet coalescence in oil were the same, that is, the drops
began their coalescence in the inertially limited viscous regime
and then transition to an inertia regime, which was given by
the inner fluid at late times.
3.2.2. Effect of the Bulk Fluid. In this section, the effect of

bulk fluid on the liquid bridge expansion was studied in n-
C6H14, n-C12H26, and C7H8. The diameter of water droplets
studied here was about 1.0 mm, and the results are shown in
Figure 10.

As shown in Figure 10a, the radial expansion of the liquid
bridge during coalescence in the three different bulk liquids
showed similar characteristics. The curves first increase rapidly
and then increase gradually, followed by oscillation with a
certain amplitude. What differs between them is only the
increase rate, amplitude, period, and the number of
oscillations. All these indicate that the coalescence dynamics
of water droplets were similar in n-C6H14, n-C12H26, and C7H8.

For a better observation, the curves of the first two stages
were enlarged, as illustrated in Figure 10b. During the initial 2
ms, the curves are nearly indistinguishable from each other, but
after this period, some variations emerge. Specifically, the
expansion rate of the liquid bridge is the highest in n-C6H14,

Figure 8. Two regions of droplet coalescence at stage I. (a) Region I
(positive azimuthal curvature). (b) Region II (negative azimuthal
curvature).
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while the discrepancy in the liquid bridge expansion between
C7H8 and n-C12H26 is not significant. For water droplet
coalescence in oil, the influence of outer fluid on the liquid
bridge expansion was not obvious due to the very high
curvature of the early bridge, the dynamics were dominated by
the inner fluid.26 As the coalescence process progresses, the
expansion of the liquid bridge slows down and the impact of
the surrounding fluid on its expansion becomes more
pronounced.

The viscosity and interfacial tension of the bulk fluids play a
crucial role in the expansion of the liquid bridge. Higher
interfacial tension will allow the liquid bridge to expand more
quickly. While a higher viscosity surrounding the fluid will
resist movement and deformation of the liquid bridge, making
it harder for the bridge to expand. Table 1 reveals that among
the three liquids, n-C6H14 has intermediate viscosity but the
highest interfacial tension. In contrast, n-C12H26 is similar to
that of n-C6H14, but its viscosity is approximately 2 times
higher than that of n-C6H14. C7H8 has the lowest viscosity, but
its oil−water interfacial tension is also the lowest. Therefore, it
is reasonable to observe the fastest expansion of liquid bridges
in n-C6H14.

However, accounting for the influence of viscosity and
interfacial tension on the dynamics of liquid bridge expansion
is more challenging due to their complex nature and the
possibility of competing mechanisms between them.47 Further
investigation is required to understand the detailed mecha-
nisms involved.

From the preceding discussion, we can infer that the
coalescence behavior of water droplets in oils exhibited similar
dynamics. However, the extent to which the liquid bridge
expands during coalescence was influenced by the interfacial
tension and viscosity of the bulk fluid. While the impact of
these factors on the bridge expansion was intricate, and there
might be conflicting mechanisms at play, it is generally
understood that higher interfacial tension and lower bulk fluid
viscosity can both facilitate a bridge expansion.

4. CONCLUSIONS
This study investigated the impact of bulk fluid properties and
droplet size on coalescence behaviors and dynamics of water
droplets on hydrophobic fibers in oils. The morphology of
merged droplets appeared similar during coalescence, but its
evolution was significantly affected by bulk fluid properties.
Lowering the bulk fluid viscosity promoted the coalescence
and detachment of water droplets, resulting in a shorter
coalescence time for each stage. Increasing the oil−water
interfacial tension led to a higher frequency of droplet
deformation and an increased number of coalescence stages.

The total time of water droplets on hydrophobic fibers in
oils was dependent on several factors, including the viscosity of
the bulk fluid, the under-oil WCA, and the gravity-buoyancy
effect. While the viscosity and under-oil WCA had a more
significant influence than the bulk fluid density.

The expansion dynamics of liquid bridge exhibited similar
behavior for water droplet coalescence on hydrophobic fibers
in oils. Larger droplets did accelerate the expansion of the

Figure 9. Variations of dimensionless liquid bridge radius with the coalescence time (a) throughout the whole process and (b) at stage I.

Figure 10. Effect of bulk fluid on the dimensionless liquid bridge radius (rb/R0) throughout whole process (a) and first two stages (b).
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liquid bridge, but the coalescence time of droplets at each stage
and the curves of the dimensionless liquid bridge radius (rb/
R0) showed limited dependence on initial droplet radii.
Moreover, the effects of bulk fluid viscosity and interfacial
tension on the liquid bridge expansion were complex, but the
impact of these factors was not significant at early coalescence
stages. At the early stages, the droplets begin their coalescence
in the inertially limited viscous regime and then transition to
an inertia regime, which is given by the inner fluid at late times,
and the liquid bridge radius expanding with time at early times
satisfies rb/R0 = Cit.

These findings contribute to a deeper understanding of the
mechanism of water droplet coalescence and detachment on
hydrophobic fibers in oil, which can be useful for many
practical applications.
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