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 A B S T R A C T

The interaction of liquid droplets with fibers is a key phenomenon in many technical applications, especially 
in coalescence filtration. While previous studies have addressed droplet detachment under various gas 
flow conditions and fiber surface properties, detailed experiments capturing the full dynamics of crossflow-
induced detachment at high temporal resolution, particularly for oleophobic fibers, remain limited. In this 
study, we investigate the motion and detachment of individual oil droplets on a horizontally mounted, 
oleophobic stainless steel fiber exposed to transverse air flow at filtration-relevant velocities as low as 1.3m s−1, 
representative of locally elevated velocities within fibrous filter media. Using high-speed imaging at up to 
42 345 fps, we resolve the droplet dynamics, including oscillation, deformation, and necking on millisecond 
time scales. The individual droplets of a standard compressor oil with volume-equivalent sphere radii between 
276 μm–749 μm were placed on a single oleophobic fiber with a diameter of 80 μm.

The experiments are conducted in a viscous-inertial regime characterized by moderate Weber numbers 
(We ≈ 3–5) and relatively high Ohnesorge numbers (Oh ≈ 0.5–1). The results reveal high-frequency oscillations 
up to 160Hz for small droplets (𝑟𝑑 = 276 μm) and show that droplet detachment proceeds via ligament 
elongation and pinch-off, forming only a few satellite droplets. For oleophobic fibers, the droplets adopt a 
clamshell-shaped configuration in axial view, whose blow-off dynamics are resolved here for the first time at 
high temporal resolution.
1. Introduction

The interaction of liquid droplets with solid surfaces in a sur-
rounding gas phase is a fundamental phenomenon in fluid mechanics 
and materials science. It plays a crucial role in numerous engineering 
applications, including coating processes and coalescence filtration, and 
is particularly relevant to oil-mist separation [1].

Previous studies have investigated various aspects of the droplet–
fiber interaction, including contact angles and wetting behavior [2–4], 
droplet transport along fibers [5], droplet impact [6], as well as coales-
cence, growth, and detachment [7–10]. Influencing parameters such as 
surface roughness, contact angle hysteresis, fiber orientation, external 
fields, and fluid properties have also been extensively studied [3,11–
13].

The droplet detachment from fibers is a highly dynamic process, 
governed by a complex interplay of forces acting at the solid–liquid–air 
interface. Although droplet–fiber interactions have been widely stud-
ied, detailed experiments capturing the highly dynamic detachment 
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process at millisecond time scales are still lacking, which provides the 
motivation for the present study.

A number of studies have shown that, in technical coalescence fil-
tration, droplets typically grow to sizes of several hundred micrometers 
to millimeters on single fibers, while local gas velocities in the pore 
space of fibrous filters reach several meters per second [1]. These 
operating conditions generally lead to droplet-scale Weber numbers 
of order unity, meaning that aerodynamic and capillary forces are of 
comparable magnitude. The present experiments, conducted with com-
pressor oil droplets of radii between 276 μm–749 μm and gas velocities 
up to 15.9m s−1, fall into a Weber-number regime of 3.2 ≤ We ≤ 5.2. 
These values represent not an exotic high-Weber condition but rather 
the upper envelope of practically relevant droplet–fiber interactions in 
coalescence filtration systems.

In the following section, the most relevant literature concerning 
droplet detachment from fibers in a 3-phase solid–liquid–gas system 
will be summarized.
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The behavior of water droplets on vertically mounted fibers under 
the influence of both gravitational and aerodynamic forces has been 
extensively studied in the context of liquid aerosol filtration by Mullins 
et al. [14,15] for the droplet morphology of clamshell-shaped and 
barrel-shaped droplets.

The studies focused on the mechanisms of droplet motion, os-
cillation, and detachment as a function of increasing air velocity, 
particularly in the transitional Reynolds number regime. Water droplets 
were generated via aerosol coalescence and deposited onto the fibers, 
where their growth, displacement, and removal were analyzed using 
cameras with a frame rate of 25 fps–80 fps. Stainless steel fibers with a 
diameter of 28 μm were used for clamshell droplets [14], while barrel 
droplets were investigated on thinner glass fibers with a diameter 
of 7.1 μm [15]. The corresponding droplet radii ranged from approx-
imately 100 μm to 250 μm for clamshell droplets, and from 50 μm to 
160 μm for barrel droplets.

A key finding in both studies [14,15] was the onset of droplet 
oscillation prior to detachment. These oscillations emerged at Reynolds 
numbers around Re ≈ 100 and were attributed to the transition 
from laminar to unsteady or turbulent flow around the droplet. Oscil-
lation was characterized by the radial and angular displacement of the 
droplet area centroid, driven by fluctuating aerodynamic drag forces 
and counteracted by capillary tension.

The frequencies of the observed oscillations revealed a dominant 
low-frequency component in the range of 2Hz–8Hz, depending on 
droplet size and airflow velocity. In the case of clamshell droplets, 
the primary radial oscillation frequency was approximately 2.1Hz, 
while barrel droplets exhibited slightly higher values around 6Hz. 
Additionally, both droplet types showed evidence of higher-frequency 
modes (up to 20Hz–35Hz), which were interpreted as harmonics or 
flow-induced perturbations in the wake. These multiple frequency com-
ponents suggest a nonlinear response of the droplet system and indi-
cate the presence of complex fluid–structure interactions within the 
transitional flow regime.

For clamshell droplets, the downstream displacement 𝑟 of the
droplet area centroid prior to oscillation followed a nonlinear trend 
with Reynolds number: 
𝑟 = 1.18 × 10−7 ⋅ Re3.91, (1)

whereas for barrel droplets, the relationship was approximately linear: 

𝑟 = 0.235 ⋅ Re. (2)

While Mullins et al. [14,15] focused on the behavior of water 
droplets on vertically mounted fibers under realistic filtration condi-
tions, other studies have investigated droplet detachment under ideal-
ized or more controlled settings. For example, Hotz et al. [16], Sahu 
et al. [10], Ojaghlou et al. [17], and Amrei et al. [8] examined the 
motion and detachment of defined individual droplets on single fibers.

A comprehensive experimental study on droplet detachment from 
cylindrical fibers was conducted by Hotz et al. [16], who investigated 
the influence of fiber wettability and droplet–fiber geometry on the 
required detachment force induced by a gas flow. Using an atomic force 
microscope, they measured the force necessary to remove individual 
oil droplets from oleophilic and oleophobic fibers, as well as from 
intersecting fibers and fiber mats. The results showed that the detach-
ment force increases with fiber diameter and is significantly higher for 
oleophilic surfaces, which support axisymmetric (barrel-like) droplet 
morphologies. In contrast, oleophobic fibers exhibited clamshell-shaped 
droplets with lower detachment forces. When droplets were attached to 
two intersecting fibers, the required force increased, but by less than a 
factor of two due to geometric redistribution of contact forces.

To describe these effects, the authors developed a theoretical and 
empirical model based on the effective contact line length 𝐿𝑝. The 
normalized detachment force 𝐹  scaled as a power law with
(𝐹 )

= 1050 ⋅ 𝑙0.47, (3)

𝜎 philic 𝑝

2 
(𝐹
𝜎

)

phobic
= 223 ⋅ 𝑙0.37𝑝 , (4)

where 𝜎 is the surface tension and 𝑙𝑝 is the effective contact length in 
meters. These correlations capture the key dependencies of the detach-
ment force on fiber–droplet configuration and are applicable across a 
wide range of fiber diameters and surface properties. The study comple-
ments previous droplet dynamics work under flow conditions [14,15].

A systematic investigation of the various detachment and breakup 
modes of droplets from thin fibers exposed to air flow perpendicular 
to the fiber axis was conducted by Sahu et al. [10]. To identify 
the breakup modes, silicone oil droplets with different viscosities in 
the range of 10mPa s–100mPa s were deposited on hydrophilic fused 
silica fibers with a diameter of 90 μm. The air velocities ranged from 
7.2m s−1–22.7m s−1, corresponding to Weber numbers between approx-
imately 2 and 40. The motion and deformation of the droplets were 
recorded using high-speed cameras operating at frame rates up to 
3500 fps.

Breakup mechanisms observed include vibrational modes at mod-
erate Weber numbers, in which the droplet begins to oscillate due 
to aerodynamic excitation and detaches in a stamen-like manner. At 
higher Weber numbers, the mode called bag breakup dominates, which 
describes the inflation of the droplet similar to a bag caused by the 
flow. The droplet inflates into a thin membrane that ruptures under 
aerodynamic pressure. A transitional regime, referred to as bag-and-
stamen breakup, was also observed, where a central liquid filament 
temporarily connects the droplet to the fiber before breaking.

A key outcome of the study is the definition of two critical Weber 
numbers: a lower threshold at We ≈ 2, marking the onset of detach-
ment, and an upper threshold beyond We 40–50, associated with the 
onset of complete aerodynamic breakup.

Sahu et al. [10] provided a detailed experimental classification 
of breakup modes under aerodynamic forces. The underlying force 
balance and scaling behavior at the microscopic level have been further 
explored in numerical studies [17].

Ojaghlou et al. [17] conducted molecular dynamics simulations to 
investigate the detachment force required to radially remove a water 
droplet from a smooth, hydrophilic fiber. Additionally, the residual 
liquid volume remaining on the fiber after detachment was determined. 
Their results demonstrate that the minimum force per liquid molecule 
increases as the droplet volume decreases, following a characteristic 
scaling law of 𝐹𝑚𝑖𝑛 ∝ 𝑉 −2∕3

𝑟 . The simulation results are in good 
agreement with experimental findings reported by Amrei et al. [8] and 
with continuum-level simulations of macroscopic droplets performed 
using the Surface Evolver code [8].

A key observation in the work of Ojaghlou et al. [17] is the depen-
dence of the residual volume on the initial droplet size. As the droplet 
volume increases, the absolute amount of residual liquid left behind on 
the fiber after detachment also increases. However, the relative residue, 
the fraction of the initial droplet volume that remains, decreases with 
droplet size.

By analyzing the breakup profile of detaching droplets, the authors 
showed that the maximum residual volume scales sub-linearly with 
droplet size, approximately 𝑉𝑟𝑒𝑠 ∝ 𝑉 2∕3

Aziz et al. [18] demonstrated that the droplet residue volume is 
most strongly influenced by the fiber wettability and fiber diameter, 
while the effects of droplet size and fluid viscosity appear to be less 
significant within the investigated parameter range. Hydrophobic and 
thin fibers promote minimal liquid residue upon detachment.

In an effort to develop a generalized model for the droplet detach-
ment force from cylindrical fibers, Farhan and Tafreshi [19] conducted 
a combined experimental and numerical study that accounts for the 
effects of droplet geometry, surface wettability, and fiber curvature. 
Their work aims to provide a predictive framework for the normal 
detachment force required to remove a droplet from a fiber, regardless 
of the specific detachment mechanism involved (e.g., gravitational, 
magnetic, or aerodynamic).
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The study utilized ferrofluid droplets subjected to magnetic fields 
to measure the detachment force in a controlled and repeatable man-
ner. These experiments were complemented by simulations using the 
Surface Evolver software, which calculates energy-minimized droplet 
shapes and associated forces based on interfacial tension, volume, and 
contact angle constraints. The model assumes axisymmetric barrel-
shaped droplets and smooth cylindrical fibers.

The authors show that the detachment force can be expressed as the 
balance between capillary adhesion and internal pressure forces. Two 
key expressions were derived from this balance. The first, a geometry-
based expression, accounts for detailed droplet shape characteristics 
and is given by

𝐹𝑧 = 𝛾𝑙𝑒 sin 𝜃avg −
𝐴𝑒
2𝑟

(𝑟𝑓 + 0.5𝑙𝑎),

where 𝑙𝑒 and 𝐴𝑒 are the effective contact line length and area, 𝜃avg is 
the average contact angle, 𝑟𝑓  is the fiber radius, 𝑙𝑎 is the axial contact 
length, and 𝑟 the displacement of the droplet. The second expression 
is a simplified empirical approximation based solely on the maximum 
droplet diameter 𝐷𝑑 and contact angle:
𝐹𝑧 = 2𝛾𝐷𝑑 (1 + cos 𝜃avg),

which offers a practical alternative when precise droplet geometry is 
not available.

To generalize the model for a wide range of conditions, the authors 
introduce a dimensionless scaling law that collapses all their simulation 
data onto a master curve:

𝐹𝑧 =
(

𝑟ref
𝑟𝑓

)2
⋅

1 + cos 𝜃
1 + cos 𝜃ref

⋅ 𝑢 ⋅ 𝑉 𝑛,

with 𝑢 = 3894, 𝑛 = −0.84, and 𝑉  the droplet volume normalized by 
𝑟3𝑓 . This correlation is valid for Young–Laplace contact angles greater 
than 20◦. The model captures the influence of both geometric and 
surface-wetting parameters across a wide range of droplet sizes and 
fiber diameters.

Furthermore, the simulations reveal that more hydrophilic fibers 
(smaller contact angles) result in significantly higher detachment forces 
and leave behind a liquid residue upon separation. In contrast, for 
hydrophobic surfaces with 𝜃 > 100◦, droplets tend to detach cleanly 
without residue.

In summary, the studies known to the author provide a comprehen-
sive overview of various aspects of droplet–fiber interaction. However, 
to the best of the author’s knowledge, experimental investigations 
that examine the dynamic detachment process with high temporal 
resolution are still lacking.

The present work investigates individual oil droplets of defined vol-
ume, which are placed on a horizontally mounted oleophobic fiber un-
der the influence of a transverse gas flow with high temporal resolution. 
The objective is to identify the resulting droplet dynamics.

2. Materials and methods

2.1. Experimental setup

Fig.  1 illustrates a schematic of the test rig. The fiber is mounted 
horizontally. Both ends of the fiber are rigidly embedded in transparent 
epoxy resin (details see Section 2.1.3). An oil droplet is positioned onto 
the stationary fiber using a piezoelectric nozzle, which is positioned 
in the xyz -directions by motorized linear stages. The droplet–fiber 
assembly is then exposed to a crossflow of dry air, emerging from 
a circular tube of diameter 20mm. The tube has an inlet length of 
1200mm to ensure fully developed flow. The fiber is positioned 10mm
downstream of the nozzle exit, within the potential core of the jet.

Using a high-speed camera (i-speed 721, iX Cameras) paired with 
a macro zoom lens (12x zoom lens, Navitar) in combination with 
back-lighting, the droplet and fiber contours are captured at a high 
temporal resolution of 42 345 fps. All experiments are conducted at 
ambient pressure. The measured temperature at the position of the fiber 
is 23 ◦C.
3 
2.1.1. Velocity profile of the free stream
The fiber is exposed to a crossflow emerging from a cylindrical 

nozzle. The volumetric flow rate of particle-free air is controlled using 
a mass flow controller (SLA5853, Brooks Instrument GmbH) and can be 
adjusted within a range of 20NLmin−1–220NLmin−1. The absolute ve-
locity was measured for several flow rates with a hot-wire anemometer 
(CTV 210-BOS-R, KIMO Instruments) at the fiber position (without the 
fiber installed), as shown in Fig.  2. The white region, marked with the 
letter A, indicates the field of view observed in the experiments along 
the vertical 𝑦-direction, where 𝑦 = 0 corresponds to the centerline of 
the gas outlet. It can be seen that within this region, the velocity profile 
can, to a good approximation, be considered constant.

From the velocity profiles, an average flow velocity 𝑢̄ within the 
field of view is obtained, which can be approximated as a linear 
function of the volumetric flow rate: 𝑢̄ = 0.069L∕min ⋅ 𝑉̇  (see Fig.  3).

2.1.2. Properties of the liquid of the droplet
A standard compressor oil is used as the working fluid (Rotor Inject 

Fluid Ndurance, Atlas Copco Airpower nv.).
The dynamic viscosity, measured with a shear-rate-controlled

rheometer at a shear rate of 10 s−1 in the temperature range of
20 ◦C–40 ◦C is shown in Fig.  4 (left y-axis). It can be observed that the 
dynamic viscosity of the compressor oil decreases continuously with 
increasing oil temperature.

The surface tension was experimentally determined on a pendant 
drop in air using an optical contact angle measuring device with a con-
tour analysis system (OCA, DataPhysics Instruments GmbH), equipped 
with a dosing needle of 1.83mm outer diameter. The measurement was 
conducted at three temperatures of 22 ◦C, 27 ◦C and 32 ◦C over a period 
of 10min, during which the average drop volume was 13.75 ± 2.23 μL. 
For each temperature, three measurements were performed. According 
to Fig.  4 (right y-axis), no significant temperature dependence of the 
surface tension was observed. The averaged mean surface tension was 
31.94 ± 0.22mNm−1.

The density of the oil, determined at 20 ◦C using an oscillating U-
tube densitometer (Densito 30PX, Mettler-Toledo International Inc.), 
was found to be 870 kgm−3, which is in agreement with the manufac-
turer’s specification.

2.1.3. Clamping device, fiber and coating
The clamping device allows the fiber to be securely clamped on both 

sides within transparent resin blocks (see Fig.  5). Epoxy resin is applied 
on each side, sandwiched between two transparent PMMA plates posi-
tioned within a 3D printed PLA structure. The fiber is clamped with a 
tensile force of 2.45N.

The fiber used in this study has a nominal diameter of 80 μm. 
The fiber core is composed of stainless steel and was supplied by 
Carl Haas GmbH. An oleophobic coating known as ProSurf, developed 
by Surfactis Technologies, was applied using a repeated dip-coating 
process. The coating consists of perfluoropolyether compound dissolved 
in a fluorinated solvent. Although the manufacturer does not disclose 
the detailed chemical formulation, the coating belongs to the class of 
fluorinated amphiphilic monolayers that lower the surface free energy 
through densely packed CF2/CF3 end groups.

SEM images of uncoated and coated fibers are shown in Fig.  6 to 
highlight the influence of the coating on the fiber diameter. Each image 
represents a separately prepared fiber sample. In Fig.  6(a), the uncoated 
fiber has a homogeneous surface with occasional contamination and 
longitudinal grooves in the submicron range. These grooves are at-
tributed to the drawing process during manufacturing. Fig.  6(b) shows 
a fiber coated 5 times by dipping into the coating solution and cleaned 
afterwards 50 times by dipping into ethanol.

No measurable increase in fiber diameter was detected after coating. 
A comparison of the surface morphology shows visible differences. The 
coated fibers exhibit numerous fine fissures and occasional larger cracks 
in the coating, which are assumed to result from mechanical stress 
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Fig. 1. Schematic diagram of the experimental setup.
Fig. 2. Flow profiles at the fiber position obtained from separate measure-
ments without the fiber installed. The height 𝐴 = 8mm indicates the maximum 
field of view considered in the recordings.

Fig. 3. Mean velocity 𝑢̄𝑧 at the position of the fiber (in absence of the fiber) 
averaged over 𝑦 ∈ [−5, 5]mm.
4 
Fig. 4. Temperature dependence of the dynamic viscosity (blue) and surface 
tension (red) of the compressor oil.

during repeated dipping (of the one-sided fixed fiber before installing 
in the clamping device).

The surface roughness of the fiber was measured along five line 
profiles using a laser scanning microscope (VK-X100, Keyence). The 
arithmetic mean roughness 𝑅𝑎 was determined to be 0.047 μm.

To quantify the wetting characteristics of the coated fiber, advanc-
ing, receding, and static contact angles were determined in preliminary 
experiments published in a previous work [20]. The droplet contour 
near the triple line was approximated by polynomial fitting, and the 
tangent at the contact point was used to compute the local contact 
angles. Averaging over eight measurements yielded an advancing angle 
of 𝜃adv = 111◦ ± 7◦, a receding angle of 𝜃rec = 76◦ ± 12◦, and a static 
contact angle of approximately 𝜃eq = 90◦±9◦. These values confirm that 
the coating produces an oleophobic surface with a moderate contact 
angle hysteresis.
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Fig. 5. Schematic sketch of clamping device [20]. 
Fig. 6. SEM Images with a comparison of the untreated and coated stainless steel fiber. 
2.1.4. Camera setup and spacial resolution
The high-speed camera (i-Speed 721, iX Cameras) was equipped 

with a modular macro lens (12×  zoom lens, Navitar) in combina-
tion with an extension tube (length = 100mm). The optical resolu-
tion of this camera setup was determined using a 1951 USAF res-
olution target and ranges, depending on the selected field of view, 
from 28.5 lpmm−1–128 lpmm−1. For the experiments, the field of view 
was chosen such that the deforming droplet was imaged as large as 
possible while ensuring that the droplet remained fully within the 
frame throughout the entire detachment process.

Based on the measured optical resolution, the smallest resolvable 
feature size 𝛥𝑥 can be estimated from 𝛥𝑥 ≈ 1

2 (lpmm−1) . Hence, depending 
on the selected field of view, the smallest resolvable feature is on the 
order of 4 μm–18 μm (see Fig.  7).

2.2. Experimental procedure

Oil is deposited onto the fiber by first releasing 10 droplets with 
a piezoelectric nozzle (MD-K-140, microdrop Technologies) to verify 
correct placement and the absence of rebound by visual inspection. A 
single droplet has a diameter of 74.9 μm. The procedure is then repeated 
with 90 additional droplets (100 in total). These two steps guarantee 
the formation of a sufficiently large droplet on the fiber, enabling 
the subsequent deposition of the remaining droplets in a single run 
without verifying each individual droplet placement (compare Fig.  8). 
The number of droplets is chosen such that the desired final droplet 
volume of the coalesced droplet on the fiber is achieved.

The droplet volumes deposited on the fiber in this study were 22, 
44, 88, and 177 nL. Due to the downward-acting gravitational force as 
well as the momentum transfer of the individual droplets during coa-
lescence with the liquid already deposited on the fiber, the coalesced 
droplet aligned in a hanging configuration on the fiber. The resulting 
initial configurations for the respective droplet volumes are shown in 
Fig.  9.
5 
It can be observed that for small droplets with radii in the range 
of 𝑟d = 276 μm to 594 μm, gravitational forces are not sufficient to 
align the droplet vertically. This deflection is attributed to the non-
ideal centering of droplet deposition during the experiment as well as 
to surface inhomogeneities of the fiber. Adhesion and capillary forces 
dominate gravitational force, and the droplet remains deflected on 
the fiber. With increasing droplet volume, gravitational effects become 
more pronounced, and for 𝑟d = 749 μm it is observed that gravity aligns 
the droplet vertically.

After droplet deposition and coalescence, the cross flow was
switched on at an initial flow rate of 20Lmin−1 (≃ 1.38m s−1). The 
flow rate was then increased in increments of 20Lmin−1. After each 
increment, a video of the droplet was recorded, capturing at least five 
periods of its oscillatory motion. The gas flow was increased until either 
a maximum flow rate of 230Lmin−1 (≃ 16.56m s−1) was reached or the 
droplet detached from the fiber.

2.3. Post-processing of the image series to determine the motion of the 
droplet

Using MATLAB, the video recordings were analyzed frame by frame. 
The fiber position was manually annotated. The droplet was isolated 
by binary segmentation and tracked across all frames using MATLAB’s 
tracking tools. For each frame, the droplet’s area centroid was com-
puted, and the relative position between the droplet and the fiber was 
determined.

Satellite droplets that may form during detachment from the fiber 
are only a few pixels in size and therefore cannot be reliably detected 
automatically across all recordings. Consequently, satellite droplets 
were manually marked after detachment, and smaller satellite droplets 
might be missed.
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Fig. 7. Spatial resolution of the high-speed camera setup for the maximum field of view of 10 × 10mm with 28.5 lpmm−1 (left), and minimum field of view of 
3 × 3mm with 128 lpmm−1 (right) based on the 1951 USAF targets.
Fig. 8. Sketch of droplet deposition procedure.
3. Results

The following section analyzes the dynamics of a droplet deposited 
on a fiber under an imposed gas flow. First, in Section 3.1 the os-
cillatory motion prior to detachment is illustrated exemplarily in an 
image series for one experiment and afterwards analyzed in depth for 
all experiments. Second, the detachment conditions are examined in 
detail in Section 3.2.

3.1. Oscillatory motion of a droplet in a crossflow

To illustrate the droplet dynamics under crossflow, Fig.  10 shows 
a sequence of high-speed images, where every 47th frame of the 
recorded video was extracted (𝛥𝑡 = 1.11ms). The droplet appears dark 
against a light gray, non-uniform background due to back-lighting with 
multiple high-power LEDs and inhomogeneities of the fiber holder. The 
identification of the droplet is unaffected by the light gray background. 
The fiber position is indicated by a red crosshair. The droplet’s vol-
ume equivalent sphere radius 𝑟d is 473 μm. The mean flow velocity is 
constant at 𝑢̄ = 11.8m s−1.

It can be seen in Fig.  10 that the droplet is already deflected in the 
flow direction in contrast to the hanging configuration as shown for 
the initial droplet in Fig.  9 (at 𝑢̄ = 0m s−1). The deflection is caused 
6 
by the gas stream. In the time frame (0–14.47ms), the droplet remains 
nearly at a constant radial extension relative to the fiber axis, while 
oscillations cause circumferential deformations. With increasing time, 
the droplet stretches in the flow direction and a liquid bridge forms 
between the droplet and the fiber. This bridge progressively thins until 
pronounced necking occurs near the fiber. After about 18ms, the bridge 
collapses, resulting in complete detachment.

In order to show for all conducted experiments an overview of the 
deflection, in Fig.  11 the time-averaged relative position of the droplet 
centroid with respect to the fiber 𝛥𝐶 is shown, where 𝛥𝐶 = 𝐶𝑑 − 𝐶𝑓 , 
and 𝐶𝑑 and 𝐶𝑓  are the area center of mass of the droplet and fiber, 
respectively. Symbols distinguish the volume equivalent-sphere radii 𝑟d
(legend), while color encodes the mean velocity 𝑢̄ (left color bar). The 
solid vertical and horizontal lines indicate the fiber center reference at 
(𝑥 = 0, 𝑦 = 0).

For each droplet size, the data point at a velocity of 0m s−1 repre-
sents the relative position already displayed in Fig.  9 which was present 
before starting the crossflow. All average droplet positions after the 
start of the crossflow lie at 𝑥 > 0, i.e. downstream of the fiber, evidenc-
ing a persistent drag-induced offset. With increasing 𝑢̄, the streamwise 
offset 𝛥𝐶𝑥 increases monotonically, whereas the vertical offset 𝛥𝐶𝑦 is 
negative, which reflects gravitational sag, and its magnitude decreases 
as 𝑢̄ increases. The time-averaged centroid positions for each droplet 
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Fig. 9. Start position of the droplets without gas flow.
Fig. 10. Series of raw images of a droplet with 𝑟d = 473 μm oscillating and detaching at 𝑢̄ = 11.8m s−1 with 𝛥𝑡 = 1.11ms.
size lie approximately on circles centered at the fiber. This behavior 
indicates circumferential advection of the droplets around the fiber at 
nearly constant radial distance, while the gas flow does not induce 
noticeable deformation under the present conditions.

The oleophobicity and hysteresis directly influence droplet adhesion 
behavior. A high advancing angle combined with a substantially lower 
receding angle leads to a finite adhesion force that stabilizes clamshell-
shaped droplets on the fiber. The moderate hysteresis observed here 
implies that droplets can shift azimuthally under aerodynamic forcing 
without excessive pinning, consistent with the circumferential oscilla-
tory motion.

As already noted, Fig.  11 shows the mean relative position for each 
experiment. However, the droplet is not statically fixed at a single 
position as the figure would suggest, but can exhibit an oscillatory 
motion induced by the gas flow around it. The oscillation around each 
mean relative position is analyzed in terms of frequency (Fig.  12) and 
amplitude (Fig.  14).
7 
Fig.  12 presents the dominant frequency (marker) as a function of 
the flow velocity for each droplet size in every experiment, obtained 
from the Fast Fourier Transformation (FFT). 5000 samples (frames) 
were used for the time signal which was recorded at 42 345 fps. The time 
signal underlying the FFT describes the droplet motion in the principal 
motion direction. The principal direction is the direction of maximal 
variance of the droplet trajectory and was estimated in MATLAB using 
a principal component analysis (PCA).

Behind each marker, a vertical spectral line is plotted. The inten-
sity of this spectral line reflects the amplitude of the corresponding 
frequency component from the FFT and was normalized to the range 
0 (white) to 1 (100% saturation of the respective marker color). The 
segmentation of the spectral line corresponds to the frequency resolu-
tion of the FFT, which analyzed frequencies in the range of 0Hz–300Hz. 
To avoid the overlap of spectral lines at identical flow velocities, the 
spectral lines were slightly offset in the plot. The tip of the horizontal 
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Fig. 11. Average relative position of the droplet area center of mass with 
respect to the fiber for each experiment 𝛥𝐶 = 𝐶𝑑 − 𝐶𝑓 . Symbols represent the 
different droplet sizes, the color the gas velocity.

Fig. 12. Frequency in the principal direction of motion as a function of 𝑢̄ for 
each investigated droplet size.

brackets on the 𝑥-axis indicate which spectral lines and data points 
correspond to the same velocity 𝑢̄.

A clear trend is observed for each droplet size. The oscillation 
frequency increases with increasing flow velocity. At the last data point, 
however, the frequency decreases compared to the preceding one. This 
reduction is caused by the strong elongation of the droplet in the flow 
direction immediately prior to detachment, which leads to a decrease 
in oscillation frequency.

For smaller droplets, the oscillation frequencies at a given 𝑢̄ are 
higher than for larger droplets. The smallest droplet (𝑟d = 276 μm) 
reaches frequencies of about 160Hz at 𝑢̄ = 15.9m s−1, whereas the 
largest droplet (𝑟d = 749 μm) reaches a maximum frequency of only 
about 25Hz at 𝑢̄ = 7.6m s−1 prior to detachment.

The measurements of the frequencies reveal oscillation frequencies 
of up to ∼ 160Hz, which are significantly higher than those reported 
by Mullins et al. [14,15]. This discrepancy can be attributed to the 
smaller droplet sizes investigated in the present study. The observed 
behavior remains qualitatively consistent with the findings of Mullins 
et al. [14], yet the higher temporal resolution employed here enables, 
for the first time, a clear characterization of the elevated oscillation 
frequencies exhibited by smaller droplets.

The observed decrease in oscillation frequency immediately prior 
to detachment can be attributed to the progressive elongation of the 
droplet in the direction of the gas flow. This elongation increases 
the effective droplet length and moment of inertia, thereby reducing 
the restoring capillary force that governs the eigenfrequency of the 
oscillatory mode. A similar frequency reduction was reported by Sahu 
8 
Fig. 13. Hilbert envelope for a selected experiment with 𝑟𝑑 = 594 μm, 𝑢̄ =
9.66m s−1.

et al. [10] for vibrating silicone oil droplets on fibers, where the 
transition from a nearly spherical to a ligament-like geometry causes 
a shift of the resonance frequency toward lower values. This ‘‘softening 
effect’’ represents the onset of capillary–inertial decoupling and marks 
the formation of a liquid ligament consistent with the Rayleigh–Plateau 
instability leading to breakup.

The scatter of the values in Fig.  12 is mainly due to two factors. 
First, the signal of the relative droplet position is limited to only 5000 
frames (the maximum recorded number of frames), which leads to 
a broader frequency spectrum. Second, the amplitude of the relative 
motion in the main direction of droplet movement is only a few pixels 
for low flow velocities, which particularly affects the measurements at 
small velocities.

The amplitude of the droplet’s relative motion along its principal 
axis is shown as a function of the mean velocity 𝑢̄ in Fig.  14. Symbols 
denote the mean amplitude 𝐴̄ of the time series for a given experiment. 
Vertical bars span the observed range [𝐴min, 𝐴max]. The amplitudes 
were calculated by using the discrete Hilbert transform {⋅} of the 
scalar oscillatory time series, here being the droplet position in the 
principal direction of motion.

In order to determine the amplitude of a scalar oscillatory time 
series 𝑠[𝑛], with 𝑛 ∈ {1,… , 𝑁} indexing the samples in time, the 
DC component was removed by centering the signal with its sample 
median. This leads to
𝑠̃ = median{ 𝑠[𝑛] ∶ 𝑛 = 1,… , 𝑁 }, 𝑠𝑑 [𝑛] = 𝑠[𝑛] − 𝑠̃.

The discrete analytic signal 𝑧[𝑛] was then formed via the discrete 
Hilbert transform {⋅},

𝑧[𝑛] = 𝑠𝑑 [𝑛] + i{𝑠𝑑}[𝑛], 𝑎[𝑛] = |𝑧[𝑛]| =
√

𝑠𝑑 [𝑛]2 +
(

{𝑠𝑑}[𝑛]
)2,

which defines the instantaneous amplitude envelope 𝑎[𝑛]. The imple-
mentation follow the MATLAB function hilbert for {⋅}.

From the envelope the following values were computed for each 
experiment:

𝐴̄ = 1
𝑁

𝑁
∑

𝑛=1
𝑎[𝑛], 𝐴min = min

1≤𝑛≤𝑁
𝑎[𝑛], 𝐴max = max

1≤𝑛≤𝑁
𝑎[𝑛].

The envelope and the values of 𝐴̄, 𝐴min, 𝐴max are shown exemplarily 
in Fig.  13 for the signal of the oscillatory motion of a droplet with 
𝑟𝑑 = 594 μm at 𝑢̄ = 9.7m s−1 in its main direction of motion.

The Hilbert-transform-based envelope analysis is particularly effec-
tive when the droplet motion is dominated by a narrow-band, ap-
proximately sinusoidal oscillation. For most flow conditions consid-
ered in this study (excluding the final stages before detachment), the 
PCA-projected displacement signal exhibits a recognizable frequency 
maximum in the Fourier spectrum, while additional spectral compo-
nents remain comparatively weak. Under such conditions, the analytic 
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Fig. 14. Representation of mean, maximum, and minimum amplitude in the 
principal direction of motion as a function of the velocity 𝑢̄.

signal provides a stable and noise-tolerant estimate of an effective 
instantaneous amplitude.

The method nonetheless has clear limitations. Very close to detach-
ment, strong droplet deformation and the finite record length lead to 
broader spectra and additional frequency content. In this regime, the 
Hilbert envelope should not be interpreted as the amplitude of a single 
oscillatory mode but rather as an aggregate measure of the overall 
excursion along the principal axis. More generally, if multiple spectral 
components of comparable magnitude are present or if substantial fre-
quency drifts occurs, the envelope could exhibit mode-mixing effects. 
At low flow velocities, the oscillation amplitude is only a few pixels, 
so segmentation noise and spatial quantization contribute noticeably 
to the scatter of 𝐴̄ in Fig.  14.

3.2. Droplet detachment from a fiber due to cross flow

Next, the droplet-detachment process is examined in detail. Fig.  15 
shows the mean velocity required to detach the droplet from the fiber as 
a function of 𝑟d. The required velocity decreases with increasing 𝑟d. For 
𝑟d = 348 μm, the detachment velocity is 𝑢̄det = 12.70±0.28m s−1. Smaller 
droplets could not be detached with the max. available volumetric 
flow rate of 16m s−1 of the compressed-air supply. At 𝑟d = 749 μm, 
the mean detachment velocity is 𝑢̄det = 7.00 ± 0.07m s−1. Additional 
tests, performed in the absence of a cross flow to establish the droplet 
volume required for purely gravity-driven detachment, were repeated 
7 times. For this case, the corresponding droplet radius which detached 
at 𝑢 = 0m s−1 was 𝑟d = 929 ± 280 μm.

The measured decrease of the detachment velocity 𝑢̄det with increas-
ing droplet radius 𝑟d (Fig.  15) can be explained by a force balance that 
includes aerodynamic drag, capillary adhesion, and gravity. The droplet 
oscillates slightly in the azimuthal direction and is displaced down-
stream at the moment of detachment. In addition, heavier droplets sag 
slightly below the fiber due to gravity.

Assuming the droplet detaches when the sum of the drag force 
𝐹𝐷 and the tangential component of gravity 𝐹 ∥

𝑔  exceeds the capillary 
retention force 𝐹𝜎 , the detachment condition is: 

𝐹𝐷 + 𝐹 ∥
𝑔 ≥ 𝐹𝜎 . (5)

The individual contributions are approximated as follows:
- Aerodynamic drag: 

𝐹𝐷 = 1
2
𝑐𝐷𝜌𝑔 𝑢̄

2
det𝐴proj, 𝐴proj ∝ 𝑟2d , (6)

- Gravitational pull in the direction of detachment: 

𝐹 ∥ ∼ 𝜌 𝑔𝑉 sin 𝜃, 𝑉 ∝ 𝑟3 , (7)
𝑔 𝑙 d

9 
Fig. 15. Measured mean detachment velocity 𝑢̄det as a function of droplet 
radius 𝑟d with fitted model 𝑢̄2det = 𝑎

𝑟d
− 𝑏 𝑟d.

- Capillary retention force: 
𝐹𝜎 ∼ 𝜎𝐿eff, 𝐿eff ∝ 𝑟d . (8)

Rearranging for 𝑢̄det yields: 
𝑢̄2det =

𝑎
𝑟d

− 𝑏 𝑟d , (9)

where 𝑎 and 𝑏 are positive constants depending on material and geo-
metric parameters. This relation explains the observed trend. At small 
droplet radii, drag dominates and 𝑢̄det ∝ 𝑟−1∕2d , while at large radii 
the increasing gravitational force reduces the required detachment 
velocity.

The critical radius for zero detachment velocity (gravity-induced 
detachment) is found by setting 𝑢̄det = 0: 

𝑟d,crit =
(𝑎
𝑏

)1∕2
. (10)

This model captures the transition between drag-dominated and 
gravity-dominated regimes and matches the experimental observation 
that a droplet with 𝑟d ≈ 929 μm detaches without any flow.

Figs.  16–18 depict the droplet detachment process. The fiber posi-
tion is marked by a red crosshair. The droplet detaching from the fiber 
is overlaid in gray across multiple frames. The frame in which the liquid 
neck is about to collapse is overlaid in a darker gray.

Fig.  16 shows that, during detachment, the droplet forms a liquid 
neck between the liquid residue on the fiber and the main droplet. 
Driven by the flow, the droplet moves progressively away from the 
fiber and the neck elongates. For a droplet of radius 𝑟d = 348 μm at 
a velocity of 13.8m s−1, the neck length reaches approximately 1.8mm
before detachment, from which four satellite droplets are formed. 
A liquid residue remains on the fiber. The positions of the satellite 
droplets shown in Fig.  16 are indicated by different symbols. The 
color encodes the velocity of each satellite droplet. Depending on the 
breakup dynamics of the neck, a satellite droplet can receive a net 
impulse in different directions. In Fig.  16, the fiber-proximal satellite 
droplets 1 and 2 are initially accelerated toward the fiber. However, 
they do not make contact with the fiber or liquid residual on the 
fiber, are deflected by the crossflow, and subsequently accelerate in 
the streamwise direction. The satellite droplets 3 and 4, closer to the 
main droplet, are initially propelled in the direction of flow towards 
the detached droplet.

For larger droplets with 𝑟d = 472 μm and 𝑟d = 594 μm, the length of 
the liquid neck decreases (see Figs.  17–18). Only 2 liquid segments and 
therefore satellite droplets are formed during the breakup of the liquid 
bridge. Similar to Figs.  16, 17 and 18 again show satellite droplets 
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Fig. 16. Detachment of a droplet with 𝑟d = 348 μm at 𝑢̄ = 13.8m s−1 and the 
trajectories of the generated satellite droplet due to the collapse of the liquid 
neck.

Fig. 17. Detachment of a droplet with 𝑟d = 472 μm at 𝑢̄ = 11.8m s−1 and the 
trajectories of the generated satellite droplet due to the collapse of the liquid 
neck.

Fig. 18. Detachment of a droplet with 𝑟d = 594 μm at 𝑢̄ = 10.4m s−1 and the 
trajectories of the generated satellite droplet due to the collapse of the liquid 
neck.

located closer to the fiber being propelled toward it, while those being 
created closer to the main droplet are carried initially downstream in 
flow direction. In Fig.  17, it remains unclear whether satellite droplet 
2 eventually coalesces with the main droplet or leaves the focal plane 
and therefore becomes unobservable.

For the detachment of a droplet with 𝑟d = 749 μm, no satellite 
droplets could be identified.

It should be noted that for larger droplets, a larger field of view 
was used in the recordings to capture the entire detachment process. As 
a consequence, the spatial resolution decreases, and thus the smallest 
detectable object size shifts from 4 μm to 18 μm. For a meaningful char-
acterization of an object (e.g., determining its shape or boundaries), the 
object size must be significantly larger than this fundamental resolution 
limit. In general, as 𝑟d increases, the detachment occurs at lower 𝑢̄, 
providing less aerodynamic stretching time and force. Hence, the neck 
remains shorter at collapse and produces fewer fragments.

In comparison to the study by Sahu et al. [10], who reported droplet 
detachment and aerodynamic breakup on hydrophilic silica fibers at 
Weber numbers between approximately 2 ≤ We ≤ 40, the present exper-
iments exhibit values in the range of We = 𝜌𝑔 𝑢̄2𝑑

𝜎 ≈ 3.2 to 5.2, where 𝜌𝑔
is the gas density. These values correspond to a deformation-dominated 
regime in which classical bag formation is not expected.

A quantitative interpretation of the absence of the bag–breakup 
mode can be obtained by considering the dimensionless Ohnesorge 
10 
Table 1
Comparison of experimental conditions and observed detachment processes 
between Sahu et al. [10] and this work.
 Category Sahu et al. (2013) This work  
 Core fiber material Fused silica Stainless steel  
 Fiber coating Polyamide coating Perfluoropolyether 

compound
 

 Wettability Oleophilic Oleophobic  
 initial Droplet Shape Barrel-shaped Clamshell-shaped  
 Fiber diameter 90 μm 80 μm  
 Fluid Silicone oil Hydrocarbon-based 

synthetic oil
 

 Density 𝜌𝓁 930–960 kgm−3 870 kgm−3  
 Dynamic viscosity 𝜇 0.01 Pa s–0.1 Pa s 0.13 Pa s  
 Surface tension 𝜎 20.9mNm−1 31.9mNm−1  
 Weber number We 2–40 3.2–5.2  
 Ohnesorge number Oh 0.07–0.8 0.6–0.9  
 Gas velocity 7.2m s−1–22.7m s−1 1.4m s−1–15.87m s−1  
 Droplet radius 400 μm–600 μm 276 μm–749 μm  
 Detachment mechanism  
 1. Vibrational breakup  
 1.1 without stem and without 
secondary droplets

3 3  

 1.2 with stem and secondary 
droplets

3 3  

 1.3 with double stem 3 7  
 2. Double liquid stem 3 7  
 3. Bag-stamen 3 7  
 4. Bag type 3 7  

Fig. 19. Length of liquid neck at the moment of detachment.

number Oh = 𝜇
√

𝜌𝑙 𝜎 𝑑
, which expresses the ratio of viscous to capillary 

forces. The present experiments fall into a regime of comparatively 
high Ohnesorge numbers (0.5 ≤ Oh ≤ 1), indicating that viscous 
stresses substantially damp interfacial disturbances and slow down the 
growth of aerodynamic instabilities. Recent work by Xu et al. [21] 
has shown that, for increasing Oh, the We-threshold for bag and bag–
stamen breakup rises markedly. In other words, viscous droplets require 
a substantially stronger aerodynamic force to form the thin expanding 
membrane characteristic of bag breakup.

In the present work, the combination of comparatively large Ohne-
sorge numbers (0.5 ≤ Oh ≤ 1), moderate Weber (3.2 ≤ We ≤ 5.2) 
numbers and the geometric confinement imposed by the fiber prevents 
the formation of a freely expanding sheet. As a result, the droplets 
remain in a deformation-dominated regime and detach by ligament 
thinning rather than through bag inflation and rupture (see Table  1).

As shown in Fig.  19, an approximately linear relationship is ob-
served between the liquid neck length at the instant of collapse and 
the size of the detached droplet, given by 𝑙𝑛 = −0.0031𝑟d + 2.8.

Physically, this behavior can be attributed to the higher inertial and 
viscous forces associated with larger droplet volumes, which accelerate 
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the thinning of the liquid bridge and lead to an earlier pinch-off. 
Conversely, smaller droplets experience weaker aerodynamic drag and 
form longer necks before rupture, reflecting a stronger capillary sta-
bilization relative to inertia. A similar trend was reported by Sahu 
et al. [10], who observed that with increasing droplet size or Weber 
number, the liquid bridge connecting the droplet to the fiber became 
progressively shorter before breakup.

The observed decrease in the number of satellite droplets with 
increasing droplet radius can be interpreted more quantitatively in 
terms of the competition between Rayleigh–Plateau instability, viscous 
dissipation, and the available stretching time of the liquid neck. A 
fully quantitative analysis of the breakup process in terms of Rayleigh–
Plateau instability is challenging in the present experiments. While the 
formation and elongation of the liquid neck can be clearly observed, 
the instantaneous local neck radius is not resolved with sufficient 
spatial accuracy to reliably determine the characteristic ligament radius 
governing the instability. As a result, key quantities such as the most 
unstable wavelength and its growth rate cannot be evaluated quan-
titatively with confidence. The following discussion therefore focuses 
on qualitative trends and scaling arguments, which provide physical 
insight into the observed dependence of satellite droplet formation on 
the initial droplet size.

As shown in Fig.  19, the axial neck length at the instant of rupture, 
𝑙𝑛, decreases approximately linearly with increasing 𝑟d. Classical linear 
stability theory [22] for a cylindrical ligament of radius 𝑅 predicts that 
the fastest growing Rayleigh–Plateau mode has a wavelength of
𝜆RP ≈ 9.01𝑅.

The number of unstable wavelengths that can, in principle, develop 
along the ligament is therefore of the order

𝑁eff ∼
𝑙𝑛
𝜆RP

∼
𝑙𝑛

9.01𝑅
.

Even though the local neck radius 𝑅 is not resolved with sufficient 
accuracy to evaluate 𝑁eff  quantitatively, the measured decrease of 𝑙𝑛
with increasing 𝑟d implies that 𝑁eff  must diminish for larger droplets. 
This provides a natural explanation for the experimentally observed 
trend. Small droplets form longer ligaments with 𝑁eff ≳ (1), which 
can accommodate several unstable undulations and thus multiple satel-
lite droplets, whereas large droplets form short bridges with 𝑁eff  closer 
to unity, favoring breakup through a single dominant constriction and 
the formation of at most one or a few satellites.

Viscosity further reduces the growth rate of Rayleigh–Plateau 
modes. In the present experiments with 0.5 ≤ Oh ≤ 1 is well above 
the classical transition threshold 𝑂ℎ ≈ 0.1 at which viscous stresses 
begin to dominate the instability dynamics. In this viscosity-dominated 
regime, the growth rate of the most unstable mode scales according to 
Eggers & Villermaux [23] approximately as
𝜔 ∼ 𝜎

𝜇𝑅
,

while higher-order modes with shorter wavelengths are even more 
strongly damped. Thus, even in cases where geometric considerations 
would allow several Rayleigh–Plateau wavelengths along the ligament, 
viscous dissipation reduces the growth of secondary modes further.

A third contributing factor is the reduced aerodynamic forcing expe-
rienced by larger droplets. As shown in Fig.  15, the detachment velocity 
𝑢̄det decreases with increasing 𝑟d. Consequently, the ligament formed 
by large droplets is exposed to weaker crossflow and is stretched for a 
shorter time, so it does not evolve into the long, slender configurations 
that promote multi-wave breakup in smaller droplets.

4. Conclusion

This work has experimentally investigated the dynamics of single 
oil droplets on horizontally mounted oleophobic fibers exposed to a 
11 
transverse gas stream. The droplets consisted of a commonly used com-
pressor lubricant. By employing high-speed imaging and quantitative 
image analysis, the oscillatory motion, deformation, and detachment 
of droplets were characterized with high temporal resolution. The 
experiments reveal that, due to the crossflow, droplets undergo oscil-
latory motion around the fiber, with droplet frequencies increasing as 
droplet size decreases and gas velocity rises. The measured oscillation 
frequencies of a droplet of 𝑟d = 276 μm reached values of up to 160Hz. 
Immediately before detachment, a pronounced reduction in oscillation 
frequency was observed, caused by strong elongation of the droplet in 
the flow direction.

The critical gas velocity required for droplet detachment was found 
to decrease with increasing droplet size, in agreement with theoretical 
scaling relations based on a balance of aerodynamic drag, gravitational 
force and capillary adhesion. During the detachment process, the liquid 
neck forms between the droplet and the fiber, elongates, and eventually 
pinches off into a small number of satellite droplets. The number of 
satellite droplets decreases with increasing droplet size.

The Weber numbers achieved in this study (3.2–5.2) correspond 
to the deformation-dominated regime commonly encountered in co-
alescence filtration, where droplets typically reach sub-millimeter to 
millimeter sizes and experience local gas velocities of up to several me-
ters per second. The experimentally observed detachment mechanism 
of ligament thinning, the formation of a small number of satellites, 
and viscously moderated pinch-off is therefore directly relevant for 
predicting droplet removal in technical coalescers.

5. Outlook

Previous investigations by the author have focused on the detach-
ment of droplets from mechanically excited fibers, where periodic 
vibration of the substrate promotes droplet elongation and breakup. 
Building upon these findings, the next step will be to combine the 
aspects of aerodynamic forcing by gas crossflow and mechanical ex-
citation of the fiber. Such experiments will enable a systematic inves-
tigation of the coupled effects of external flow and substrate vibration 
on droplet motion, oscillation, and detachment. Ultimately, the insights 
gained may support the design of separation devices that are exploited 
to vibrations.

Beyond the combination of aerodynamic forcing and mechanical 
excitation proposed, several additional research directions arise from 
the findings of this study.

Advancing numerical modeling to complement the experiments 
would enable resolving interfacial stresses, internal flow fields, and 
instability growth rates that are challenging to access experimentally. 
Simulations of fiber-supported droplets could help explore parameter 
ranges beyond those attainable in the laboratory and further elucidate 
the transition between ligament thinning, satellite formation, and full 
aerodynamic breakup.

Experiments with multiple droplets deposited on the same fiber 
and experiments with oil mist separation on individual fibers. In real 
filtration and mist–coalescence applications, droplets interact through 
capillary bridges and flow-induced motion, leading to coalescence and 
hierarchical growth. Investigating how crossflow modifies droplet–
droplet interactions, coalescence pathways, and collective detachment 
dynamics would substantially deepen the mechanistic understanding of 
droplet-laden fibers.

As an intermediate step toward understanding droplet behavior in 
densely packed fiber filters, future work could also consider optically 
accessible, low-density random fiber structures. Such open fibrous net-
works preserve the essential geometric complexity of real filters with 
multiple fiber orientations and the possibility of multi-fiber attachment, 
while still allowing high-speed optical access to individual droplets 
and ligaments. Studying droplet deposition, coalescence, migration, 
and detachment in these simplified open multi-fiber structures would 
help bridge the gap between the controlled single-fiber experiments 
presented here and the far more complex interactions occurring in 
practical coalescence filters.
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