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Abstract Gravity driven film flows on vertical fibers are known to exhibit a variety of flow dynamics
including the formation of droplet trains induced by the hydrodynamic (Kapitza) and Plateau—Rayleigh
instability mechanisms. Through an experimental study, it is shown how inclination of the fiber from the
vertical influences these dynamics. The formation of waves, regime transitions from dripping to jetting
regimes, as well as the onset of drop-off in the form of droplet detachment from the fiber are illustrated
and described in dependence of the fiber inclination angle and the liquid mass flow rate. Additionally, the
influence of fiber diameter and nozzle geometry on regime transitions and the onset of drop-off from the
substrate are examined. It is shown that the onset of drop-off is strongly related to the transition from
a regime characterized by a regular wave pattern to a regime characterized by an irregular wave pattern.
It is also demonstrated that this regime transition depends not only on flow rate and fiber geometry, but
also strongly on the inclination angle. Interestingly, a stabilizing effect of increasing the fiber inclination is

detected for constant fiber geometry and film flow rate.

1 Introduction

A liquid film flowing on a thin fiber is a textbook
example of a fluid-dynamical system whose evolution
is determined by the action of instabilities. In addition
to the hydrodynamic [1] and Plateau—Rayleigh [2, 3]
instabilities acting on a liquid falling film on a verti-
cal fiber, a thin film on an inclined fiber should also be
subject to the Rayleigh-Taylor instability, which should
break the radial symmetry and imply the possibility of
fluid detachment from the substrate [4]. The formation
of waves, their interaction and finally the detachment
of droplets from the fiber under the influence of gravity
are the result of the occurring instability mechanisms
and their interaction. Apart from the theoretical inter-
est, one particular application of liquid films on inclined
fibers is the use of fills or wet decks in cooling towers to
create a large surface area and thus increase the energy
exchange between the cooling liquid and the ambient air
flow. A typical design for these surface regions are fills
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with a large number of slanted fibers. Further, fog or
dew nets used to harvest water in arid regions are often
composed of an arrangement of fibers. Water accumu-
lates on those fibers and forms large droplets that slide
down to be collected. In such applications, it is not only
important to provide a large surface area, but also to
control the typical residence time of the liquid on the
fiber and to prevent or promote drop-off. Thus, a fun-
damental understanding of film flow on inclined fibers
is important for optimizing such applications. Partic-
ularly, parameters such as fiber diameter, the angle of
fiber inclination within the structure, and the imposed
flow rate are all expected to be the decisive parameters.

Liquid thin films on vertical fibers and related flow
regimes have been extensively studied both numerically
and experimentally in the past decades [5-9]. Duprat
et al. [10] studied the instabilities of viscous film flows
on vertical fibers both theoretically and experimen-
tally and introduced flow regimes based on the flow
undergoing instability modes. Linear stability analy-
ses of models introduced by Frenkel [11], Kliakhandler
[5] and Craster and Matar [12] were performed and
their corresponding dispersion relations were derived.
Thereby, the transition from absolute to convective
regimes and its association with the regular and irreg-
ular wavy regimes were inspected. If the growth time
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of the instability (the growth time of the most ampli-
fied wave) is smaller than the characteristic time of the
wave needed for the advection through its entire wave-
length, regular droplet patterns with a defined intrinsic
frequency are formed and the instability is said to be
absolute. At higher flow rates, the waves are advected
faster than they grow leading to convective instabil-
ity and patterns more subject to irregularities. It has
also been reported that when the film is very thin or
very thick relative to the fiber radius, the instability is
always convective [10]. Only in an intermediate range
of film thickness the Plateau—Rayleigh instability dom-
inates the flow and the instability is absolute. Adding
to this, it has been shown that the onset of regular and
irregular wavy regimes, observed experimentally, coin-
cides precisely with the onset of absolute and convective
regimes respectively [13, 14]. Recently, the effect of noz-
zle geometry on the characteristics of liquid film flows
down vertical fibers in the Plateau—Rayleigh regime has
been investigated, revealing that the nozzle geometry
has a direct impact on the size and frequency of the
liquid beads along the fiber [15, 16].

To the best of our knowledge, all the existing studies
on film flow on thin fibers are restricted to vertically
aligned fibers. There seems to be no study considering
inclined fibers with small radius (large curvature) in
the Plateau—Rayleigh regime. Existing studies of film
flows subject to the Rayleigh—Taylor instability only
include film flows under inclined planes [4, 17-22] or
inclined or rotating cylinders with diameters equal or
larger than 20mm [23-25]. In this work, we provide
experimental data of film flows along inclined thin fibers
with a radius 0.05 < R < 0.225mm. In such a case,
the flow is subject to the hydrodynamic (or Kapitza)
instability, to the Plateau-Rayleigh instability due to
the strong curvature of the fiber, and to the Rayleigh-
Taylor instability due to fiber inclination.

The remainder of this article is structured as fol-
lows. In Sect. 2, the experimental setup and proce-
dure are presented. Section 3 introduces the observed
flow regimes and provides quantitative results on regime
transitions and drop-off mass flow rates depending on
the control parameters, i.e. the mass flow rate and fiber
inclination. This is followed by a parametric study of
the influence of the nozzle and fiber geometry on regime
transitions. Finally, the concluding remarks are dis-
cussed in Sect. 4.

2 Experimental setup

A schematic illustration of the experimental setup is
shown in Fig. 1. A silicone oil v50 (density p =
948 kg/m?’7 kinematic viscosity v = 50 mm? /s, surface
tension v = 0.021N/m) flows from the liquid reser-
voir through a casting nozzle with an inner diameter
of Dn;i = 1.5,1.75,2.0mm and an outer diameter of
Dy, = 2.1,2.7,3.3mm onto a nylon fiber with diame-
ter Dy = 0.1,0.26,0.45 mm. The fiber is attached to the

container ceiling using a magnet with free movement
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in the Y — Z coordinates and is tensioned by a weight
attached to its end. Free movement in the Y — Z coor-
dinates allows the alignment of the fiber in the center of
the nozzle and thus guarantees an axisymmetric flow at
the nozzle outlet. The whole setup is adjustable for dif-
ferent inclinations from 0° (vertical) to 90° with a step
size of 10°. The mass flow rate is adjusted by changing
the hydrostatic pressure at the nozzle outlet through
variation of the height of the liquid column in the fluid
reservoir. The total mass flow rate is measured as the
sum of the drop-off and the residual mass flow rate.
To measure the current drop-off mass flow, a trough is
located under the inclined fiber. The detached droplets
drip into the trough and flow into a collecting container
located at 80 cm from the nozzle. The collected droplet
mass is measured by a weight scale with precision of
0.001 g. A weight scale with a precision of 1 g is used
to monitor the residual mass flow rate by measuring
the mass of liquid collected in a bucket located under
the end of the fiber and trough. The duration of each
measurement has been chosen so that it is ensured that
the variation of the liquid height in the fluid container
is < 1%. Therefore, it can be assumed that the hydro-
static pressure at the nozzle outlet and thus the total
mass flow rate are constant. The measurement times
are between 20 s up to 4 min, depending on the mass
flow rate.

3 Results

3.1 Flow regimes

Figure 2 presents a general overview of the experi-
mentally observed flow patterns on inclined fibers for
increasing mass flow rate. Generally, two main regimes
are observed for all investigated inclinations, a dripping
regime for low mass flow rates and a jetting regime for
high mass flow rates. At low flow rates, a dropwise emis-
sion, similar to the case of a pendent droplet, is observed
at the nozzle. In a repeating process, reminiscent to the
quasi-static regime encountered in microfluidic droplet
generation [26], fluid accumulates at the nozzle out-
let forming a suspended drop. When large enough, the
drop detaches from the nozzle and slides down along
the fiber in form of a train of isolated waves. This can
be referred to the case of the isolated single droplet
regime described in previous studies regarding vertical
fibers [5, 15], and named the dripping regime hereafter.

At high flow rates, a continuous annular jet is formed
along the fiber right after the nozzle. After a certain
length [, this jet destabilizes due to Kapitza insta-
bility, Plateau-Rayleigh and Rayleigh-Taylor mecha-
nisms, causing the flow to destabilize into waves. The
length [;, through which the perturbations are not visu-
ally detectable is called ‘healing length’. In previous
studies it has been defined as the length over which
the perturbations do not exceed 4% of the uniform
film thickness [10]. This regime is referred to the jet-
ting regime hereafter, in echo to the dripping to jetting
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transition in microfluidic droplet generation [26], even
though waves are produced along the fiber, instead of
droplets.

Both the dripping and jetting regimes can further be
divided into sub-regimes characterized by regular and
irregular wave patterns (see Fig. 2). In the regular wave
regime, the waves appear regularly spaced, their ampli-
tude and speed remaining constant over the length of
the experimental setup. In the irregular wave regime,
the waves no longer are formed periodically at a con-
stant frequency. The size of the waves, their spacing,
and frequency vary along the fiber. Variations in size
and frequency and therefore wave speed lead to coa-
lescence events, which are not observed in the regular
wave sub-regime.

The irregular wave pattern is observed at the low-
est flow rates in the dripping regime, while in the jet-
ting regime it is observed at the highest flow rates. In
the irregular wave regime, two waves can interact and
merge into a wave of larger amplitude. After coales-
cence, if the wave becomes large enough, it detaches
from the fiber under the influence of gravity. For clar-
ity and to avoid ambiguity with the dripping regime
from the nozzle, the wave detachment from the fiber
substrate is referred hereafter to ‘drop-off’. Actually in
the performed experiments, drop-off was only observed
in the jetting regime with irregular wave patterns. In
the dripping regime and regular wave regimes, drop-off
has not been observed along the entire length of the
setup for all applied nozzles and fibers. Notice that the
occurrence of regular and irregular wave patterns also
depends on the length of the domain being analyzed.

All of the observed regimes are in alignment with
the regimes detected for the vertical case. In the study

of Duprat et al. [10] it has been shown through sta-
bility analysis that regular and irregular wave regimes
are associated to an absolute and convective instability,
respectively. A transition from convective to absolute
and again to convective instability is detected for an
increasing flow rate. Based on our observations for the
case of an inclined fiber a similar mechanism might be
at work. However, a theoretical analysis of the instabil-
ity modes for a thin film on inclined fibers is out of the
scope of the present experimental study.

3.2 Drop-off analysis

Based on our observations, drop-off on inclined fibers
occurs due to two main mechanisms (see Fig. 3). The
first one is the drop-off as a result of wave interac-
tion of irregular wave patterns at sufficiently large mass
flow rates. For low mass flow rates or small inclinations
only saturated waves are formed. Even after wave coa-
lescence the waves remain stable and attached to the
fiber (see Fig. 3, case 1). However, for increased mass
flow rate or inclination, the irregular wave patterns and
concomitant wave interactions lead to the formation of
large waves undergoing unsaturated growth (see Fig. 3,
case 2). The second mechanism is drop-off without wave
interaction. In this case, waves undergoing unsaturated
growth are formed at the end of the healing length,
detaching immediately or after a short march down
the fiber without any interaction with other waves (see
Fig. 3, case 3). This case is observed at larger incli-
nations and higher mass flow rates. During the per-
formed experiments for each fiber, a critical angle has
been determined at which almost all the liquid immedi-
ately detaches, regardless of the selected total mass flow
rate (see Fig. 3, case 4). This regime is referred to as
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Fig. 2 Observed flow regimes for increasing mass flow rate at 30° inclination; I, depicts the healing length

‘immediate drop-off’. Figure 3, case 4 shows immediate
drop-off without prewetting and a slightly delayed drop-
off induced by a forced prewetting of the fiber (compare
a and b).

Figure 4 on the first row shows the spatio-temporal
plots of the film flow along inclined fibers for the three
indicated measurement points 1 to 3 on Fig. 3. It can
be seen that for an inclination of 20° (case 1), even
after wave coalescence (see blue box), waves are trav-
eling with a constant wave speed of about 0.4 m/s and
no drop-off is observed. However, at an inclination of
30° (case 2), the film thickness of the coalesced waves
reaches values large enough to induce potential drop-off
(as indicated with the green color). This can be seen
well at time ¢ = 0.18s and location x = 8cm. It can
also be seen that, later downstream, the collision of the
residual wave with the next wave also leads to a criti-
cal film thickness in green color that characterizes the
drop-off event. At 40° inclination (case 3), most of the
waves drop off the fiber quickly after the end of the
healing length. The power spectrum at a location near
the healing length shows for 20° a mean dominant fre-
quency of about 17 Hz (or equivalently a wavelength
of 24 mm), without significant harmonic. The domi-
nant frequencies increases with increasing inclination,
i.e. 18 Hz for 30° and 21 Hz for 40°. Higher amplitude
harmonics for these cases also indicate steeper wave
fronts, as expected for larger inclination and flow rate.
The last row of graphs in Fig. 4 shows the average film
thickness over the entire 1.7 s period at each position on
the fiber, starting from the nozzle outlet and continuing
13 cm downstream. Three profile regions can be distin-
guished: first, a meniscus of large film thickness formed
at the nozzle; second, a healing length of constant thick-
ness; third, a region of periodic waves separated by a
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thin substrate film thickness. The transitions between
the film profile regions are represented roughly by gray
dashed lines in the plots. Drop-off occurs mainly in the
periodic waves region after some distance equivalent to
the healing length. Worth mentioning, in the immediate
drop-off regime, drop-off occurs in the meniscus region
(not shown).

Figure 5 shows quantitative results of a series of
experiments for two different fiber diameters, illustrat-
ing the drop-off mass flow rate as a function of total
mass flow rate under different inclinations. The high-
est possible total mass flow rate in each experiment is
restricted by the reservoir size. For this reason, larger
mass flow rates could be measured for the smallest fiber
diameter (Fig. 5b) as the gap between fiber and nozzle
at the outlet is the largest. For an inclination of 20°,
no drop-off was observed for the fiber with diameter
D¢ = 0.45mm up to a total mass flow rate of about
getal = 0.30g/s. For increasing inclinations drop-off
takes place starting from a certain total mass flow rate
and its amount increases for an increasing flow rate.
Depending on the dominant drop-off mechanism, the
increase in drop-off mass flow rate can occur either
moderately over a wider range of total mass flow rate
or abruptly starting at a certain imposed mass flow
rate. This difference in the increase in drop-off mass
flow rate is related to whether drop-off occurs primar-
ily by wave interaction (see Fig. 3, case 2) or without
wave interaction (see Fig. 3, case 3). Notice, that there
exists an intermediate range of mass flow rates in which
drop-off can be suppressed by increasing the inclination,
roughly for myota = 0.1—0.2g/s. As the inclination
increases, the onset of drop-off for each inclination is
shifted toward higher total flow rates. This is indicated
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Fig. 3 An overview of observed wave interaction and drop-off mechanisms on fiber Dy = 0.26 mm illustrated for inclinations
from the vertical ranging from 20° to 50°. For 50°, images a and b are respectively without and with forced prewetting of
the fiber. Measurement points and their corresponding mass flow rates can be identified in Fig. 5b

by vertical lines in Fig. 5. The results for 60° inclina-
tion in Fig. 5a and 50° inclination in Fig. 5b indicate
the critical angle at which the liquid does not adhere to
the substrate easily and demands an extra prewetting
of the fiber. In this case almost all the liquid drops off
immediately regardless of the total flow rate (see Fig. 3,
case 4a). A comparison between Fig. 5a, b shows similar
trends for increasing mass flow rate, even though it is
observed that immediate drop-off takes place at lower
inclination for a decreased fiber diameter.

In general, with the exception of the critical inclina-
tion for immediate drop-off at the nozzle, we have not
observed drop-off at low to moderate mass flow rates
in the regular wave regime throughout all of our exper-
iments. Drop-off occurs at higher flow rates in the jet-
ting regime after the flow is transitioned to the irregular
wave pattern, where coalescence events lead to growth
of the waves and subsequently their detachment from
the substrate. Therefore, it seems reasonable to use
the transition from regular to irregular wave pattern
in the jetting regime as an approximation for the onset
of drop-off.

The blue stars and the dashed line in Fig. 6 show
the critical mass flow rate at which the transition from
a regular wave pattern to an irregular wave pattern
occurs for a fiber of Dy = 0.45mm at different incli-
nations. The color bar illustrates the ratio of drop-off
mass flow rate to total mass flow rate, the black color
indicating no drop-off and the purple color immedi-
ate drop-off at critical inclination. The results illustrate
that at larger inclinations the transition from a regu-
lar to an irregular wave regime occurs at a higher flow
rate, while at the vertical or small inclinations the tran-
sition to irregularity occurs at lower flow rates. This is
a rather counter intuitive fact indicating that the flow
on fibers with larger inclinations remains stable over
a wider range of flow rates. Drop-off occurs only after
the transition to the irregular wave regime. At the same

time, it is important to notice that for the particular
case illustrated in Fig. 6 there exists a threshold angle
below which no drop-off was observed, i.e. for o < 20°.
While certainly no drop-off is expected for the vertical
case, it remains unclear whether drop-off might occur
for low angles after sufficient fiber length. Nevertheless,
the transition from regular to irregular wave pattern in
the jetting regime is found to constitute a lower bound
for the onset of drop-off up to an angle where less adhe-
sion of fluid to the fiber persists and immediate drop-off
occurs.

Duprat et al. [10] have shown for the case of a vertical
fiber that the transition to the irregular regime and thus
to the drop-off regime in the case of an inclined fiber
may correlate with the transition from absolute to con-
vective instability. This transition depends both on the
growth rate of the occurring fluid dynamical instabili-
ties as well as on the advection velocity of the pertur-
bations. Both of the mentioned properties are nonlin-
ear functions of flow rate and inclination. The precise
description of the phenomena requires a detailed theo-
retical analysis, which exceeds the scope of this purely
experimental study.

3.3 Effect of fiber diameter and nozzle geometry
on regime transitions

The direct relationship between the flow regime tran-
sition from regular to irregular wave patterns and the
onset of drop-off encouraged the investigation of how
this regime transition is affected by the geometrical con-
figurations of our setup, namely the sizes of the fiber
and of the nozzle.

Figure 7 shows a regime transition map for the same
fiber and a variety of nozzle geometries. The study of
Sadeghpour [15] showed that varying the nozzle inner
diameter has no specific effect on the flow properties
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Fig. 4 Spatio-temporal diagrams of film thickness along the fiber for the first three cases as labeled in Figs. 3 and 5b. Blue
boxes show coalescence events. The second row shows the corresponding power spectra taken at a fixed location as indicated
by the blue arrows. The third row show the temporal integration over the time interval of 1.7 s of the film thickness along
the fiber. Gray dash lines shows the transitions between the three profile regions along the coated fiber. The temporal and
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shown in Fig. 3
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a Nozzles with a constant wall thickness of § = 0.3 mm and increasing nozzle inner diameter. b Nozzles with a constant

inner diameter of Dy ;

on the fiber and only the nozzle outer diameter is the
influencing nozzle parameter. Also, studying the tran-
sition from dripping regime to jetting on stainless steel
tubes, Clanet and Lasheras [27] considered the outer
diameter of the nozzle as the characteristic parame-
ter since the fluid at the nozzle exit always wets the
tube frontal area up to the outer diameter. For this rea-
son, a variety of nozzle geometries are examined, which
always included a change in the nozzle outer diameter.
Figure 7a compares the results for the cases where the
nozzle inner diameter increases while the wall thickness
remains constant. Figure 7b displays the results for the
case where the nozzle inner diameter is kept constant
and the wall thickness increases. As it can be seen from
the graphs, the variation in the results is trivial for all
nozzle geometries, such that the outcome suggests that
nozzle geometry is not a determining variable for tran-
sition from regular to irregular wave pattern in flows
under inclined fibers. One possible reason for that might
be that the examined transition occurs in the jetting
regime. Therefore, the influence of the nozzle geometry

1.5 mm and increasing wall thickness § = 0.3,0.6,0.9 mm

can be suppressed through the extension of the existing
healing length.

Figure 8 shows the regime transition map for three
different fibers (Df = 0.1, 0.26, 0.45mm) and a con-
stant nozzle (Dy; = 1.75mm, Dy, = 2.1mm). It is
evident that for small inclinations from the vertical, the
smaller fibers have the most stable flow, and for larger
inclinations, the larger fibers are most likely to resist
instability and drop-off at higher mass flow rates. Get-
ting back to the above-mentioned examples of applica-
tion, when designing and optimizing wet decks in cool-
ing towers or fog/dew collection nets, this regime map
can provide an overview for selecting the appropriate
geometric parameters including the size of the fiber and
its inclination based on the selected flow conditions.

4 Conclusion

This study investigates the flow characteristics
and drop-off of a falling liquid film on inclined
fibers with a diameter in the range of Dy
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Fig. 8 Sub-regime transition from regular to irregular wave pattern within the jetting regime for three different fiber
diameters (D¢ = 0.1,0.26,0.45 mm) and a nozzle with inner and outer diameter of Dn; = 1.75mm, Dn,, = 2.1 mm. The
three plotted lines indicate the transition lines from jetting regular to irregular regime. The colored vertical lines on the
x-axis show the critical inclination for each fiber, from which the immediate drop-off regime begins. The images illustrate
examples of flows in jetting-regular, jetting-irregular as well as immediate drop-off regimes in their approximate flow rate

range

0.1-0.45mm, where the Plateau-Rayleigh and the
Rayleigh—Taylor instabilities are the dominant insta-
bility mechanisms in addition to the Kapitza instabil-
ity. Several physical parameters that impose and influ-
ence the drop-off events on inclined fibers such as the
total mass flow rate at the nozzle outlet, the fiber incli-
nation from the vertical as well as the fiber diameter
and the nozzle geometry are examined and reported.
It is shown that, for a constant geometry, the drop-off
mass flow rate increases with an increasing mass flow
rate at the nozzle outlet. However, this increase does
not follow a linear trajectory, but rather proceeds in a
more nonlinear manner. Different drop-off mechanisms,
strongly influenced by the angle of inclination, can lead
to different responses of the drop-off mass flow rate as
a function of the total mass flow rate. It is observed
that in contrary to the planar case, where an increas-
ing negative inclination leads to an increasing instabil-
ity and an increasing drop-off mass flow rate [17, 20],
for a curved substrate like a fiber, an increasing incli-
nation can have stabilizing effects. A critical inclina-
tion is introduced, from which the liquid would even
after a forced pre-wetting of the fiber no longer stick
to the fiber and would immediately drop off. Immedi-
ate drop-off at critical inclination is independent of the
flow parameters. However, at all inclinations smaller
than the critical inclination, all drop-off mechanisms
are observed only in the jetting regime with irregular
wave patterns. The transition from regular wave pat-
tern in the jetting regime to irregular wave pattern has
been shown to occur at higher total mass flow rates
for an increasing fiber inclination. This implies that at
higher inclination the flow remains stable and is resis-
tant to drop-off for a larger range of total mass flow

@ Springer

rate. Finally, the influence of the nozzle geometry and
the fiber diameter on the existing flow regimes and thus
on drop-off is presented. It is shown that the nozzle
geometry is not a determining parameter in the flow
regime transition and thus the drop-off on the fiber.
However, the fiber diameter, along with the total flow
rate and the fiber inclination, proves to be a charac-
teristic parameter that strongly influences the drop-off
phenomena on inclined fibers.
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