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Abstract
In mist filtration, fiber-based coalescers are an established form of filtering droplets contained in mist. The filtration process 
can be divided into different process steps, describing the impact of the droplets on fibers, the formation of fluid structures 
and the liquid transport. In order to investigate mechanisms inside depth filters on a microscopic level, investigations are 
often reduced to single fibers. In this work, the coalescence and transport mechanisms of axially distributed water droplets 
on a vertical fiber, subjected to gravity, are reported. This is done with the latest high-speed camera technology commercially 
available. Automated tracking of droplets is used for a frame-by-frame investigation of droplet position, size, and oscillation. 
Coalescence mechanisms describe the process of fluid formation. The first observed coalescence mechanism is identified 
by the coalescence of droplets contained in mist with an adhering droplet at the fiber. The second coalescence mechanism 
describes the coalescence of two closely spaced sessile droplets on a fiber. As a result, the newly formed droplet oscillates 
and can begin to drain. Furthermore, the coalescence process of a draining and sessile droplet is reported. Both the draining 
droplet and the second droplet involved in the coalescence event can be subject to oscillation. The given temporal high-
resolution information about the droplet position and deformation improves the understanding of droplet coalescence on 
fibers and by that also its influence on transport processes and therefore droplet drainage. Observed transport mechanisms 
which take part in the drainage process are gravitational draining, droplet bouncing, and droplet sweeping.

1 Introduction

Fiber-based coalescers are often used to remove droplets 
contained in mist for various applications ranging from 
water purification and food processing to oil refinery and 
gas-plants processes. Droplets are deposited on the fibers 
in the filter medium and collected there. On contact with 
adjacent droplets, these coalesce into larger droplets. Drop-
let-shaped liquid structures (clamshell and barrel shaped 
droplets) are formed as well as so-called liquid sails. Liquid 
sails can be spanned between adjacent fibers, when enough 
liquid is accumulated, which cover often a larger area inside 
the filter (Straube et al. 2021). The resulting structures and 
the deposition behavior depend on the media properties of 
the fiber (pore size, fiber diameter, fiber orientation, wetting 
behavior), the fluid properties (viscosity, density, surface 

tension) and operating parameters (temperature, pressure, 
gas velocity).

When the conditions are right, droplets can be trans-
ported along or removed from a fiber by different transport 
mechanisms illustrated in Fig. 1. Known transport mech-
anisms leading to droplet movement along the fiber are 
gravitational draining, and mobilization caused by pres-
sure and shearing forces (Ojaghlou et al. 2018; Dawar and 
Chase 2008, 2010; Gilet et al. 2010). Another liquid redis-
tribution and therefore transport mechanism is known from 
the droplet coalescence of unequal sized droplets on flat 
surfaces (Chu et al. 2016). A smaller droplet can hereby 
be swept toward the larger droplet. Chu et al. (2016) name 
this behavior droplet sweeping which might also occur 
with droplets on a fiber but has not been reported for such 
a case until now (Ojaghlou et al. 2018; Dawar and Chase 
2010; Gilet et al. 2010; Mullins et al. 2007; Mead-Hunter 
et al. 2012). According to investigations of droplet colli-
sions in gaseous environments, the droplets do not have to 
merge, but can also bounce off each other (Abouelsoud and 
Bai 2021; Tang et al. 2012; Pan et al. 2008; Qian and Law 
1997). Qian and Law (1997) assume that a gaseous phase 
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can be trapped between two colliding droplets. When the 
inertia is high enough the gas between droplets is squeezed 
out. Below a distance of  102 Å molecular interaction initi-
ates the coalescence. When the inertia is not high enough, 
kinetic energy is converted into surface tension energy. 
By attempting to restore the spherical shape, the droplet 
bounces away. It is worth noting that bouncing of water 
droplets in an environment of 1  atm pressure was not 
observed so far. 

Depending on the boundary conditions, the droplet move-
ment does not have to be along the fiber. Droplets can also 
be removed from the fiber by shearing forces (Dawar and 
Chase 2010), or self-propelled droplet removal by coales-
cence (Zhang et al. 2015). Zhang et al. (2015) observed self-
propelled droplet detachment from the fiber in the case of a 
vertical fiber orientation when droplets are arranged in the 
circumferential direction at the same axial position. This 
mechanism was studied in high temporal resolution. Pro-
nounced droplet deformation was observed. Furthermore, it 
was investigated that water droplets of the same size do not 
detach from a hydrophobic plane when coalescing. There-
fore, it is important to study the coalescence process on filter 
structures such as fibers if one wants to study the drainage 
and detachment process; a simplified examination of droplet 
coalescence on flat surfaces or in void space is not sufficient.

Naturally, in coalescence filters not only the process of 
fluid transport but also the coalescence process is of great 
importance. Several coalescence mechanisms can be identi-
fied on a vertical single fiber that is continuously exposed to 
a stream of mist and are illustrated in Fig. 2.

First, droplets contained in mist are deposited on fibers 
and later on coalesce also with already deposited larger 
droplets and lead to a continuous growth of the larger drop-
lets. This mechanism has been observed by many other 
investigations. Many of the investigations focused on the 
filter performance or the resulting liquid structure (Straube 
et al. 2021; Kampa et al. 2014; Hurwitz 2012; Mead-Hunter 
et al. 2013). Mead-Hunter et al. (2013) simulated for a por-
tion of a coalescing filter the processes steps of droplet cap-
ture, coalescence, film break-up, and the motion of coalesced 
liquid droplets in coalescing filters. However, no detailed 
information about the coalescence mechanisms of droplets is 
given with a high temporal resolution by mead-Hunter et al., 
although the simulation should provide such information.

Secondly, the coalescence of a draining droplet with 
another sessile droplet on a vertical fiber was observed 
before but not investigated with high temporal resolution 
(Labbé and Duprat 2019). Several scenarios for the coales-
cence mechanism of a draining and sessile droplet on a fiber 
are possible. First a droplet draining along the fiber might 

Fig. 1  Transport and detachment mechanisms of droplets on a vertical fiber. Purple arrows indicate the movement of the droplet

Fig. 2  Coalescence mechanisms of droplets on a vertical fiber
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not oscillate until its first time coalescing with another drop-
let. The movement of a single non-oscillating droplet down-
ward a vertical fiber was investigated by Gilet et al. (2010). 
As known from droplet coalescence on fibers (Zhang et al. 
2015), flat surfaces (Zhang et al. 2015; Jin et al. 2017), and 
gaseous environments (Lycett-Brown et al. 2014), a droplet 
starts to oscillate due to coalescence and therefore a drain-
ing droplet can also oscillate when interacting with sessile 
non-oscillating droplets. The last less likely scenario would 
be the coalescence of two oscillating droplets but was still 
observed in this work. Additionally, it should be mentioned 
at this point that depending on the Reynolds number sessile 
clamshell droplets can also oscillate in radial and transversal 
direction on fibers (Mullins et al. 2005). For droplet radii 
between 100 µm and 450 µm, the activation of oscillation 
occurs at Reynolds numbers between 50 and 100. For this 
kind of oscillation, no transient deformation of the droplet 
was observed.

When fibers are used for the separation of mist, a droplet 
chain of closely spaced droplets is created. At a certain size, 
these sessile droplets will be large enough to come into con-
tact and coalesce. Deka et al. (Deka et al. 2019) observed for 
unequal sized water droplets in air with neglectable collision 
speed, so for coalescence of two resting droplets, that the 
expansion of the coalesced droplet is wider than that of the 
two initial droplets. If this is also valid for the coalescence 
of sessile droplets on a fiber than this could cause a chain 
reaction of coalescence events of closely spaced droplets on 
a fiber. Zhang et al. (Zhang et al. 2022) used two needles 
to position two droplets side by side on a horizontal fiber. 
According to their results, the influence of the fiber on the 
formation of the bridge can be neglected. The used needles 
prevented in their case the coalesced droplet from deform-
ing dynamically in the direction along the axis of rotation 
of the liquid bridge.

Further investigations of the coalescence process were 
conducted independently of filtration issues with droplets 
fixed to needles. This research mostly focuses on the initial 
process during coalescence, where a liquid bridge is formed 
between two droplets (Zhang et al. 2022; Chen et al. 2015; 
Chireux et al. 2015, 2021; Thoroddsen et al. 2005; Paulsen 
2013). The bridging process is determined by the differ-
ing Laplace pressure and surface tension when two drop-
lets come into contact due to jump-to-contact instability 
based on van der Waals forces. This leads to a topology 
change at the contact area which is linked to a singular-
ity of the dynamics (Paulsen et al. 2012). It has long been 
assumed that there are two resulting dynamical regimes, a 
viscous regime, which dominates when the radius of the 
liquid bridge is small enough, and an inertial regime, when 
viscous effects become negligible with increasing radius. 
A current discussion about the initial regimes in the micro-
scopic area of bridge formation shows the complexity of 

the mechanisms involved and that questions about the true 
regime and the initial coalescence process are not fully 
understood as of now (Chireux et al. 2021; Paulsen 2013; 
Paulsen et al. 2012, 2011).

Additionally, many investigations were carried out on 
the collision of freely moving droplets (Deka et al. 2019; 
Finotello et al. 2017; Li and Fritsching 2011; Pan and Suga 
2005; Mansouri et al. 2014). These works focused on droplet 
collision and the outcome after collision and therefore the 
time-dependent deformation of the coalesced droplet until 
a clear outcome of the collision could be identified. Here, 
three regimes for the outcome of the droplet collision can be 
named: bouncing, coalescence, and separation. Depending 
on the collision velocity, the properties of the droplets (den-
sity, surface tension, diameter, viscosity) and the properties 
of the surrounding media the outcome after collision can 
differ. With increasing Weber number, the outcome after 
collision changes from coalescence after minor deformation 
to bouncing to coalescence after substantial deformation fol-
lowed by separation (Li and Fritsching 2011).

No investigations with high temporal resolution could be 
found for the case of axially distributed droplets on a vertical 
fiber. In this work, the fundamental coalescence and trans-
port mechanisms of axially adjacent positioned droplets on a 
vertical fiber are shown for the first time with high temporal 
resolution.

2  Materials and experimental setup

A metallic fiber (60.8% iron, 15.2% chrome, 10.5% carbon, 
10.1% nickel, 3.3% others) with a diameter of 40 µm is used 
for the experiments. The droplet has a volume of 1.25 nl. 
The droplet contour above the triple point was approximated 
with a polynomial of third order. For this purpose, 100 pixels 
were used as sampling points above the triple point. The 
transverse static contact angle between the fiber and the tan-
gent of the polynomial fit at the triple point is 85.1 ± 0.7° and 
is drawn in Fig. 3.

Fig. 3  Contact angle of water droplet on metallic fiber with a diam-
eter of 40 µm
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To generate mist, particle-free, dry, compressed air is 
first moistened and then passed through a collision atom-
izer for atomization. Demineralized water is used for 
humidification and atomization. The compressed air has 
an overpressure of 1100 hPa compared to the environ-
ment. The mist is emitted through a round opening with a 
diameter of 8 mm and directed as a free jet onto the fiber. 
The number-based density distribution of the droplets con-
tained in the mist is measured with a PALAS Promo 2000 

with a welas 2100 H in a separate repeat experiment under 
same conditions. The distribution is shown in Fig. 4.

The vertically clamped fiber is located at a distance of 
20 mm from the opening. In a repeat test, the measuring 
device (Testo 400) for determining the relative humid-
ity, inflow velocity, temperature, and absolute pressure is 
mounted at the same position where the fiber was located. 
The corresponding experimental setup can be seen in 
Fig. 5. The operating parameters were kept constant dur-
ing the experiment (relative humidity: 60±0.89%, veloc-
ity: 1.76±0.02  ms−1 temperature: 16.45±0.40 °C, absolute 
pressure: 986.44±0.05 hPa). The direction of observation is 
perpendicular to the incident flow. A high-speed camera in 
combination with a diffuse backlight is used for recording 
the processes at 10,000 fps. The magnification of the lens is 
1.65. During the entire observation time, the incident flow 
with mist was switched on.

3  Methods

To investigate the development of the droplet distribution 
over time, a high-speed camera was used and droplets were 
tracked and evaluated regarding size and position. To track 
the droplets, the individual frames of the recorded video 
must be pre-processed before handing over to the tracker. 
The individual steps of the workflow are shown in Fig. 6. 
The first image on the left side in Fig. 6 shows the origi-
nal raw greyscale image taken with the camera. In the first 

Fig. 4  Number-based density distribution of the droplets contained in 
the mist

Fig. 5  Experimental setup

Fig. 6  Steps of the frame by 
frame image pre-processing 
procedure for tracking multiple 
droplets on a fiber
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processing step, the greyscale image is converted into a 
binary image based on a threshold value so that the back-
ground appears white and the foreground black. This cre-
ates a sharp interface between the droplet's contour and the 
background. By that the droplet dimensions can be deter-
mined later on. In the second image processing step the fiber 
is removed by a customized filter: If the number of black 
pixels in a horizontal pixel row is less than or equal to the 
number of pixels of the fiber diameter, these black pixels 
are inverted. Furthermore, the droplets must be segmented 
so that the tracking tool can treat each single droplet as a 
single object. This is done by splitting the pixel region of all 
droplets with the watershed function in Matlab. Addition-
ally, in this processing step a sensitivity parameter is intro-
duced which controls the segmentation of closely spaced 
droplets. The sensitivity parameter was created in Matlab 
using the function bwdist and imhin. The need of the sensi-
tivity parameter is illustrated in Fig. 7. The segmented pixel 
regions, respectively, the droplets are then evaluated with 
respect to the center of mass and maximal dimensions in 
x- and z-direction (xmax and zmax). These values are passed 
to the tracking tool.

The automated tracking tool is based on a constant-
velocity Kalman filter and was implemented with the track-
ing toolbox in MATLAB. Each newly detected droplet is 
assigned to a track with a corresponding TrackID imme-
diately in the frame in which it is identified without any 
lead time and kept as long as this droplet is detected in the 

following frame. The TrackID is highlighted in yellow in 
Fig. 6. As soon as a registered droplet is not detected in a 
subsequent frame, this TrackID is immediately deleted. Due 
to the very reliable detection of the droplets, this type of 
track management is sufficient. Furthermore, the values for 
xmax and zmax are shown in form of a yellow enclosing box 
for the respective droplet against the background of the raw 
image in the right image of Fig. 6. The center of mass for 
each detected droplet is marked as a red dot.

The coordinate system and the orientation of the coor-
dinate axis in relation to the fiber axis and the gravitational 
force is shown in Fig. 8. The z-axis points in the direction 
of the gravitational force. The x-axis points in the opposite 
direction to the inflow of mist. The maximal dimensions in 
x- and z-direction are used to calculated the average diameter 
Di of the droplet using

The index i = s, l is used to notate the smaller ( s ) and 
larger ( l ) droplet. Dimensionless numbers such as the Weber 
( We ) and Ohnesorge ( Oh ) number are typically used to char-
acterize the collisions and coalescence of two droplets. The 
Weber number represents the ratio between inertial forces 
and surface tensions and is defined as

(1)Di =

(
zmax, i + xmax,i

)

2
.

Fig. 7  Illustration of the influence of the separation parameter used in the image processing for automated tracking. Each different color in an 
image represents a detected droplet



 Experiments in Fluids          (2023) 64:103 

1 3

  103  Page 6 of 15

where Ds is the average diameter of the smaller droplet, �liq 
the liquid density of the droplet, and � the surface tension. 
urel describes the propagation speed of the droplet surfaces 
relative to each other before contact and can differ signifi-
cantly from the usually used relative velocity of the center 
of mass for non-oscillating colliding droplets.

The Ohnesorge number describes the ratio of viscous 
forces to the square root of the product of inertial forces 
and surface tension. Different characteristic lengths are used 
when investigating droplet collision and the expansion of a 
liquid bridge at coalescence. For describing the collision of 
two droplets with OhC , the droplet diameter of the smaller 
droplet Ds is used, while describing bridging with OhB the 
minimum neck radius RB is used. Therefore, one obtains

The dynamic viscosity of the liquid droplet is notated 
as �liq.

(2)We =
Ds�liq

||
|
u2
rel

||
|

�
,

(3)OhC =
�liq

√
�liq�Ds

(4)OhB =
�liq

√
�liq�RB

.

4  Results and discussion

In this work, observations were made with a high-speed 
camera for one camera position. Furthermore, one material 
combination was investigated with the mentioned metallic 
fiber and demineralized water as liquid. The droplet dis-
tribution formed by deposition of droplets from mist is a 
random variable that cannot be exactly reproduced repeat-
edly. Due to limited storage of the high-speed camera, 
not all process steps could be recorded in a single video. 
Therefore, the coalescence-induced droplet growth by mist 
deposition is recorded in one take. The droplet drainage 
is recorded in a separate repeated experiment under same 
conditions. A total of 5 high-speed video recordings of 
the deposition process up to the start of drainage and 9 
recordings of the drainage process are evaluated. Standard 
deviations are given to the extent where it is possible. It 
should be remembered that the droplet distribution is a 
random variable and coalescence events happen therefore 
at different locations of the fiber at different times. Also, 
the droplet sizes, velocity, and state of deformation vary 
for each coalescence event.

Coalescence-induced droplet growth by mist deposition 
as illustrated in Fig. 9 is well known and has been investi-
gated by Labbé and Duprat (2019) in terms of the collection 
rate of individual fibers. In this work, coalescence-induced 
droplet growth is evident as a droplet chain is formed by 
deposition of droplets contained in the mist on the fiber and 
on droplets already deposited. The number of droplets for 
the time interval from an unloaded fiber to the first draining 
of a droplet is shown in Fig. 10 for five repeat experiments. 
The regressive behavior of the function curves agrees with 
each other in a good approximation. The value at the end of 
each plot describes the number of drops that remain on the 
fiber after the droplet has drained and coalesced with the 
drops on its path downward the fiber. The number of droplets 
inside the observed frame at the beginning of the drainage is 
19 ± 1.67 in the and marked by the horizontal bar. 

Fig. 8  Illustration of the used 
coordinate system (left) and 
the measured sizes  xmax,  zmax, 
the center of mass and bridge 
diameter of a coalescing droplet 
(right)

Flow Flow

Fig. 9  Coalescence induced droplet growth
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According to Fig. 11, a droplet chain has characteristic 
states during droplet growth. In the first state, the drops 
are almost the same size and lie close to each other. As the 
droplets continue to grow through coalescence with droplets 
of mist, closely neighboring droplets coalesce on the fiber 
to form larger droplets. Two neighboring droplets occupy 
more space in the axial direction of the fiber immediately 
before coalescence than a coalesced droplet formed from 
corresponding neighboring droplets. This results in a chain 
of drops in which there is a comparatively large distance 
between the drops. On the space between drops on the fiber 
that is freed up by the coalescence process, drops of the mist 
are immediately deposited again. Smaller drops can grow 
between larger drops.

Due to coalescence of the smaller drops with the larger 
drops, the larger drops continue to grow until they almost 
touch each other. No smaller droplets form between the 
larger droplets and a droplet chain of approximately homo-
geneous droplet size can be seen. The process of droplet 
growth and the associated reduction in the number of drop-
lets on the fiber is repeated until the droplets are removed by 
detachment or transport mechanisms.

The larger the droplet size of an approximately homo-
geneous droplet distribution, the larger the empty spaces 
between the droplets after coalescence. Thus, the period 
duration of recurring characteristic droplet series also 
increases with increasing droplet size.

After all, this work is not about the study of coalescence-
induced droplet growth. Instead, the focus of this work is on 
the coalescence and transport mechanisms for the onset of 
drainage and the drainage of a droplet itself along the fiber.

When two non-oscillating neighboring droplets on a fiber 
come into contact, they can coalesce and form an oscillat-
ing droplet as depicted in Fig. 2. The difference in size of 
the drops determines the movement of the centers of mass 
of both drops. If the drops are the same size, the centers of 
mass move evenly toward each other. If the droplets are not 
the same size are unequally distributed, the smaller drop-
let moves more than the larger drop. This is called droplet 
sweeping.

The coalescence of two droplets can be divided into two 
process steps: first, the formation and development of a 
liquid bridge between two droplets and second, the further 
development of the merged droplet in terms of deforma-
tion and oscillation.

The bridge development has been excessively inves-
tigated in the literature and is still a topic of current dis-
cussions (Chireux et  al. 2021; Paulsen 2013; Paulsen 
et al. 2012, 2011). The literature agrees that at least two 
regimes exist, the stokes regimes, dominated by viscous 
effects and the inertial regime. The Ohnesorge number 
OhB is often used to determine the regime of the liquid 
(Chen et al. 2015; Chireux et al. 2021). At the initial con-
tact, the dynamics are described by OhB > > 1, the Stokes 
regime. However, the Stokes regime was never observed 
experimentally for droplet of water coalescing in air. 
When RB increases, OhB decreases and a transition to an 
inertial regime ( OhB < < 1) occurs. In this regime, the 
central part of the bridge can be observed as a cylindri-
cal body (Chireux et al. 2021). The length of the liquid 
bridge grows in the inertial regime at constant speed, and 

Fig. 10  Number of droplets on fiber (colored graphs) and number of 
droplets at beginning of drainage (horizontal line)

Fig. 11  Characteristic rows of drops on a fiber for the process of droplet growth
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the bridge expansion can be described by the propagation 
of non-dispersive capillary wave packets (Chireux et al. 
2021).

In Fig. 12, the development of a cylindrical bridge 
between the droplets is clearly visible at t = 0.4 ms . The 
bridge has a radius of R

B
= 0.2mm at t = 0.4ms and a OhB 

< < 1 is received. The cylindrical shape of the bridge is 
maintained until t = 0.5 ms . Then, curvature of the bridge 
becomes reversed. The expansion rate of the bridge is 
approximately linear as marked in Fig. 12. Based on these 
findings, the here seen bridge development can be assigned 
to the inertial regime.

Chen et  al. (2015) discovered that the linear inertial 
expansion of the liquid bridge transitions into a new linear 
but slower growth regime. In this regime, the orientation of 
the radiuses curvature of the bridge is reversed. We mark the 
point of change in curvature as the end of the bridge devel-
oping process and all further changes in shape of the droplet 
are referred to droplet deformation (see Fig. 12). Due to 
insufficient time resolution, we cannot distinguish between 
the two different growth regimes of the liquid bridge.

Many investigations have reported a droplet deformation 
in circumferential and longitudinal direction (Abouelsoud 
and Bai 2021; Deka et al. 2019; Chen et al. 2015; Li and 
Fritsching 2011; Mansouri et al. 2014). It is known that 
dynamic deformation occurs in the case of colliding and 
coalescing droplets. Deka et al. (2019) observed for unequal 
sized water droplets in air with neglectable collision speed 
that the longitudinal expansion of the droplet is wider than 
that of the two initial droplets.

Similar behavior can be seen in Fig. 12. At t = 0.8 ms, 
the vertical expansion of the droplet is wider than that of 
the two initial droplets 7 and 8 at t = 0.3 ms . This means 
that zzmax, 13 > zzmax, 7–8 (see Fig. 12). This expansion is 
based on the movement of the capillary waves which focus 
energy at the tip of the droplet and therefore stretch the 
droplet (Deka et al. 2019; Blanchette and Bigioni 2006; 
Ray et al. 2010). The not mentioned numbered droplets 
seem not to change in size. This is due to the high framer-
ate of 10.000 fps and relative to that a slow droplet growth 
by coalescence with the liquid aerosols contained in mist.

Fig. 12  Initial droplet coalescence caused by closely spaced growing droplets due to a continuous separation of water mist
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Further coalescence events follow when the draining 
droplet interacts with other droplets on its way down along 
the fiber.

The following shows the drainage process of a drain-
ing droplet along a fiber with a droplet chain. This is the 
drainage of the droplet 13 from Fig. 12 along the fiber 
shown there.

In Fig. 13, the coalescence events are put into the tem-
poral order and assigned to a coalescence mechanism. The 
participating droplet of one coalescence event is numbered 
and represented by colored circles. TrackIDs that belong 
to one droplet are marked with a line in the same color. 
A new color was introduced whenever a new droplet was 
detected that could not be assigned to an existing TrackID, 
i.e., after coalescence events. Solid thick lines highlight 
the course of the major draining droplet.

The z-positions are plotted in Fig. 14 in order to get a bet-
ter understanding of the time dependency. Solid thick lines 
show the z-position of the center of mass and the narrow 
vertical lines show the axial size  zmax of all droplets for each 
frame during the entire recording time. Prominent TrackIDs 
in color highlight the course of the draining droplet.

The first expansion and contraction of droplet 13 in 
z-direction was shown by a series of images in Fig. 12. Fur-
ther expansions and contractions are visible in Fig. 14 until 
droplet 13 coalesces again. A damping of the amplitude of 
zmax is clearly recognizable for TrackID 13.

More insights into the amplitude of zmax and xmax can 
be derived from Fig. 15. One can see logically a sudden 

increase in the z-amplitude at the beginning of each coa-
lescence process. A decrease in amplitude can also be seen 
in subsequent amplitudes. We attribute this decrease in 
amplitude to the damping properties of water and the fric-
tional losses of the droplet on the fiber. As the mass of the 
draining droplet increases through a coalescence event, 
the amplitude increases and the frequency of decreases. 
This increase in amplitude is best seen by comparing 
TrackID 13 and TrackID 15 in Fig. 15.

More detailed frequency investigations using Fourier 
transformation (FT) for TrackID 13, 15 and 19 show the 
decrease of the frequency with increasing mass of the 
draining droplet in Fig. 16. FT was only performed for 
these three tracks, as in this case an oscillation is present 
over at least one period. After initial coalescence, the dom-
inant calculated frequency is 495 Hz for both the x- and 
y-directions of TrackID 13. After mass increase by further 
coalescence, the frequency for the x- and y-direction for 
TrackID 15 decreases to 385 Hz and for TrackID 19 to 
333 Hz.

Neglecting the interaction of a spherical droplet with 
the fiber and assuming a frictionless and incompressible 
liquid for an isolated droplet, the natural frequency � of 
this droplet for different modes n can be approximately 
determined with

(5)�
2

n
= n(n − 1)(n + 2)

�

�a3
0

Fig. 13  Order of coalescence 
events
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as shown by Rensink (Huang and Pan 2021). The radius of 
a sphere of equal volume is denoted by a0 . The first natu-
ral frequency of a droplet whose surface deforms is n = 2 . 
Here, the droplet surface performs vibrational movements, 
which it alternately converts into an oblate and a prolate 
spheroid form. In a good approximation, this oscillation 
behavior can be seen in Fig. 12 for droplet 13. This can also 
be assumed approximately for the oscillation of droplets 15 
and 19, which are not depicted here. A comparison in Fig. 17 
shows that the determined frequencies of droplet 13, 15 and 
19 are below the analytically determined frequencies for an 
idealized droplet with n = 2 . Additional results from repli-
cate experiments confirm the lower measured frequency for 
droplet vibration on droplets attached to fibers compared to 
idealized droplets.

We attribute this deviation to the contact of the droplet 
with the fiber. This increases the surface area and disrupts 
vibration. A decrease in frequency with increasing volume 
after a coalescence event is consistent with Eq. (5). Detailed 
investigations into the oscillation frequency of droplets 
require the targeted application of defined droplet volumes 
to a fiber and are beyond the scope of this work.

A closer look into the onset of drainage shows that 
adhesive forces between droplet and fiber are reduced 
when the droplet oscillates. Droplet 11, with a diameter of 
D = 0.84 mm, is sessile during the entire observation time. 

If one assumes that the sessile droplet is perfectly round 
(which is not entirely correct but for this purpose a good 
assumption), then it would have a volume of 0.31  mm3. 
Droplet 7 and 8 have with the same assumption a combined 
volume of 0.2  mm3. These two droplets coalesce and form 
the oscillating draining droplet 13 like already described. 
Thus, the adhesive forces are reduced for an oscillating drop-
let compared to a sessile droplet and drainage can start at 
lower droplet masses as illustrated in Fig. 18. This seems 
plausible due to a reduced contact area in periods of reduced 
zmax during oscillation.

In the following, further coalescence mechanisms are 
described based on the observed coalescence events in the 
recorded timeframe.

We consider the here seen motion of droplet 5 in Fig. 19 
to be based on droplet bouncing with droplet 13 analogue 
to the illustration in Fig. 1. It can be seen that the draining 
droplet 13 collides with the neighboring droplet 5 and sets it 
in motion instead of coalescing with it. The transport veloc-
ity of the center of mass of the oscillating draining droplet 13 
is about 0.05  ms−1 right before contact with the adjacent 
droplet 5 and has a D1 of 0.74 mm. The propagation speed 
of the droplet surface of the oscillating draining droplet 13 
relative to the sessile droplet 5 averaged over same period of 
time from 8.7 ms to 9.1 ms is 0.12  ms−1. With an averaged 
diameter of the smaller droplet 5 of Ds = 0.52 mm, a Weber 

Coalescence of 
2 non-

oscilla�ng 
sessile droplets

Droplet 
bouncing

Coalescence of 
oscilla�ng draining 

and oscilla�ng 
sessile droplet

Coalescence of 
oscilla�ng draining 
and non-oscilla�ng 

sessile droplet

Fig. 14  Z-position and size of all detected droplets
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number of We = 0.12 and a droplet ratio of Ds/Dl = 0.7 are 
determined. The averaged velocity of the center of mass of 
droplet 5, which is set into motion due to the bounce, is in 
the timeframe between 9.1 ms and 9.7 ms about 0.026  ms−1. 
The movement is about 180 μm downward along the verti-
cal fiber. The reduced velocity of droplet 5 of 0.026  ms−1 
compared to droplet 13 of 0.05  ms−1 seems plausible due to 
the fact kinetic energy must be reduced in an elastic bounce.

The influence of the fiber on droplet bouncing remains 
uncertain but is expected to be neglectable when the droplet 
contact area is outside the fiber like for the bridging process 
mentioned already by Zhang et al. (Zhang et al. 2022). In 
Fig. 19, it is clearly visible that the fiber is off center of the 
contact area, but no statement can be made as to whether the 
fiber is also outside the contact area.

Fig. 15  Amplitude of xmax and zmax of the draining droplet

Fig. 16  The component of the amplitude for the frequency spectrum shown separately for the x- and y-direction

Fig. 17  Comparison of natural 
frequency with mode n = 2 and 
observed frequencies for oscil-
lating droplets
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Repeat experiments show that 79.6% of the droplet colli-
sions resulted in coalescence and 20.4% in droplet bouncing.

A selection of the observed droplet-droplet collisions is 
divided into coalescence and droplet bouncing in Fig. 20. 
The Weber number We and the impact parameter B =

Dl−Ds

Dl+Ds

 
are assigned to each of these droplet collisions. B can be 
interpreted as the ratio of the distance between the normal 
of the velocity direction and the averaged diameter of the 
colliding droplets. The mass centers of droplets move toward 
each other on parallels (assuming that the droplets do not 
rotate around the fiber). If the two differently sized droplets 
are in the same position in the circumferential direction, the 
distance between the normal of the velocity direction is 
given with Dl−Ds

2
 . Since the position in the circumferential 

direction cannot be clearly determined from the perspective 
used, the actual distance of the parallel droplets remains 
unknown.

Furthermore, it should be noted that the average diameter 
was used for evaluation. For oscillating droplets, however, 
the surface curvature at the contact point can differ signifi-
cantly from the surface curvature of a volume-equal sphere. 
Local radii can better describe the local curvature from a 

projection surface, but still neglect a second view to describe 
the curvature. In addition, local radii do not contain any 
information about the droplet volume, which is why an aver-
age diameter was used here.

The remarks on the curvature and the limitations from 
one viewing angle in combination with an undefined droplet 
placement make clear that droplet bouncing on a fiber should 
be examined under more defined boundary conditions with 
drops of defined position and size on a fiber. Nevertheless, 
important insights can be gained from the results shown 
here.

Huang and Pan (2021) were able to show droplets bounc-
ing of isolated droplets for the first time under atmospheric 
pressure in a head-on collision for equally sized water drop-
lets. With increasing droplet size, droplet bouncing was 
detected for smaller values of B. For We < 1, for both drop-
let diameters of 700 and 1000 µm, only coalescence and no 
droplet bouncing can be seen in their work.

In our results shown in Fig.  20, droplet bouncing is 
evident for We < 1. The differentiation between droplet 
bouncing and coalescence for smaller values of We (here 
We = [0.1; 0.8]) is given by a discontinuous function. The 
lowest We number at which droplet bouncing occurs is 
B = 0.2 . In comparison, Huang and Pan (2021) show a con-
tinuous function as the boundary between droplet bouncing 
and coalescence. For them, the boundary shifts toward larger 
values of B as the Weber number decreases.

The differentiation between droplet bouncing and coales-
cence for larger values of We (here We = [2; 3]) can only be 
estimated by two collision events.

Figure 2 depicts the process of two oscillating droplets 
coalescing. Due to the movement of droplet 5 by droplet 
bouncing, droplets 5 and 6 coalesce into a new droplet 14 as 
shown in Fig. 21. Droplet 14 is observed in only 3 frames 
from 10.3 ms to 10.5 ms . Droplet 13 is the oscillating drain-
ing droplet and is transported in the z-direction right before 

g

non- 
oscillating oscillating 

Fig. 18  Reduced adhesive forces due to oscillation

Fig. 19  Droplet bouncing: Droplet 13 pushes droplet 5 down the fiber
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coalescing with droplet 14. Additionally, droplet 14 also 
deforms due to coalescence. If one considers coalescence 
events of two oscillating droplets, different characteristic 
states are possible. These characteristic states could be com-
binations in that the involved droplets have maximum/mini-
mum expansion or maximum velocity of expansion/contrac-
tion. These states should be reproduced and investigated in 
future studies. The propagation speed of the droplet surface 
of the draining droplet based on the oscillation is relatively 
slow compared to the development of the bridge and inclu-
sion of the smaller sessile drop. Therefore, the influence of 
the oscillation on the bridge development is assumed to play 
only a minor part.

As already shown, the draining droplet is subjected to an 
oscillating movement. While draining along the fiber, the 
oscillating droplet collects sessile droplets as illustrated in 
Fig. 2. This coalescence mechanism is shown exemplary in 
Fig. 22 for one coalescence event. Depending on the dis-
tance and state of deformation the collision can take place 
at distinct states of the deformed droplet, e.g., at maxi-
mum expansion in longitudinal or circumferential direc-
tion. The collision in Fig. 22 takes place during positive 
expansion rate in z-direction of the draining droplet. The 
oscillating draining droplet 19 has an averaged diameter of 
Dd = 1.02 mm. The non-oscillating sessile droplet 1 has an 
averaged diameter of Ds = 0.52 mm. Based on the diam-
eter ratio of D1/Ds = 1.96, a determined Ohs of 0.0052 and 
the findings of Zhang et al. (2009), a satellite droplet is to 

be expected in Fig. 22. However, a formation of a satellite 
droplet could not be observed here (see Fig. 22). This is most 
likely due to the existence of the fiber which prevents the 
pinching at the bottleneck.

The transport of the liquid volume fraction of the smaller 
droplet along the fiber toward the larger droplet as illustrated 
in Fig. 1 is clearly visible during the described coalescence 
event seen in Fig. 22. Comparable behavior was shown by 
Chu et al. (2016). They investigated the droplet sweeping 
of several droplets of different sizes on a superhydrophobic 
surface and showed an increasing attracting effect of the 
larger droplet on the smaller droplet with increasing size 
difference, although no highly temporally resolved informa-
tion was given. 

5  Conclusions

In this paper, key mechanisms of droplet coalescence and 
droplet transport for the onset and during drainage along a 
vertical fiber were identified:

A) A draining droplet is subjected to oscillation in horizon-
tal and vertical directions when coalescing with other 
droplets on a fiber.

B) Due to the oscillation of the droplet, adhesive forces 
between the fiber and droplet are reduced compared to a 
stationary droplet of identical size. Drainage can there-
fore start already at smaller droplet masses.

C) When two water droplets coalesce on a vertical fiber 
surrounded by air at atmospheric pressure, initial dimen-
sions of the two droplets are smaller than those of the 
coalesced transient deforming droplet.

D) Droplet bouncing was observed for We = [0.0001; 1] at 
the given absolute pressure of 986.44±0.05 hPa.

E) The influence of the fiber is assumed to be neglectable 
at droplet bounce when the contact area of the droplets 
is beside the fiber.

F) Droplet sweeping was observed for unequal sized water 
droplets similar to the known behavior of droplet sweep-
ing on flat surfaces.

G) The formation of a satellite droplet was not observed 
although it should exist for droplet sweeping based on 

Fig. 20  Droplet coalescence (blue dot) and droplet bouncing (orange 
plus)

Fig. 21  Droplet 5 and 6 coalesce and form droplet 13. Droplet 13 therefore elongates and coalesce with the oscillating draining droplet
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the findings in the literature. The influence of the fiber 
might prevent the pinching. Further investigations are 
needed.

In future studies, the individual mechanisms are to be 
reproduced on the basis of single droplets on the fiber and 
the dependencies of key influencing parameters such as the 
oscillation frequency, amplitude and fiber parameters like 
diameter and wettability are to be determined.
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