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Abstract

The removal of droplets on surfaces by an (air-) flow is relevant, e.g., for cleaning processes or to prevent corrosion or damage
of electronic devices. Still the condition for droplet movement is not fully understood. Droplets start to move downstream at a
critical (air-) flow velocity v, For increasing flow velocity, this process is related to a strong oscillation of the droplet. This
oscillation is supposed to be a key mechanism for the onset of droplet movement in conjunction with the flow field around
the droplet. We report on measurements in the wake of the adhering droplet by means of laser-Doppler velocity profile sensor
and hot wire anemometry. Thanks to the excellent spatial and temporal resolution of laser-Doppler velocity profile sensor and
its capability to measure bidirectional flows, a backflow region can be detected in the wake of the droplet. Therefore, it can
be concluded that this backflow structure is the driving mechanism for the strong flow movement inside the droplet against
channel flow direction found in previous work. Analyzing the frequency spectra of the flow velocity, it was found that the
flow is also oscillating; frequency peaks are in the same range as for the contour oscillation. Based on frequency, diameter
and flow velocity, a Strouhal number can be calculated. This Strouhal number is almost constant in the investigated regime
of droplet volumes and is between 0.015 and 0.03. Therefore, it can be assumed that an aeroelastic self-excitation effect may
be present that eventually leads to droplet movement.
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1 Introduction

Adhering droplets may be of significant importance in some
technical applications. Droplets may appear due to, e.g.,
rain, condensation or electrochemical reaction as in fuel
cells. In most cases, there is gas flow, most likely air, pass-
ing the surface as well as the droplet. The droplet sticks to
the surface due to the adhesive forces that depend on wetting
behavior and surface tension, respectively. However, if the
magnitude of the external force overcomes the magnitude
of the adhesive force, the droplet can move. This external
force may be provided by gravity (e.g., Extrand et al. 1995;
Quéré et al. 1998) or vibration (e.g., Brunet et al. 2009; Shin
and Lim 2014). But the very fact that there is a flow around
a droplet may lead to detachment of the droplet (e.g., Fan
et al. 2011, Fu et al. 2014, Barwari et al. 2019). The addi-
tional force due to an air flow is of high importance in a lot
of technical applications since it may be selectively used to
remove droplets from surfaces, e.g., for water management
in fuel cells (e.g., Theodorakakos et al. 2006; Kumbur et al.
2006; Burgmann et al. 2013) or in cleaning processes con-
cerning oil recovery (e.g., Thompson 1994; Gupta and Basu
2008). In this work, we will focus on the droplet motion due
to shear flow without additional lifting effects caused by
buoyancy as it will appear for oil in water (Chatterjee 2001).

Concerning the mechanisms of the onset of droplet
motion, there have been several investigations in the past. It
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is well known that adhering droplets start to deform (Gupta
and Basu. (2008); Seevaratnam et al. (2010); Barwari et al.
2018a), and additionally the droplet contour starts to oscil-
late, when a shear flow is applied (Lin et al. 2006; Barwari
et al. 2018a). When a critical velocity is reached, the droplet
starts to move downstream (Dimitrakopoulos and Higdon
1997; Fan et al. 2011; Fu et al. 2014). There are several
parameters that affect that critical velocity, i.e., droplet vol-
ume or contact angle hysteresis (Dussan 1987; Kumbur et al.
2006; Barwari et al. 2019).

However, the mechanism of droplet detachment in not
fully understood. There are some publications that tried to
find an analytical model of the force balance of adhering
droplets in shear flow (Basu et al. 1997, Chen et al. 2005;
Hao and Cheng 2010; Polverino et al. 2013). But still the
main open question is the appropriate drag force correla-
tion for an oscillating, non-rigid, spherical-cap like structure.
At least, in a recent work an empirical law was found that
applies quite well for various substrates, fluids and droplet
volumes (Barwari et al. 2019).

For adhering droplets in shear flow, Duxenneuner et al.
(2009) and Minor et al. (2009) applied the pPIV and PIV
technique (particle-image velocimetry), respectively, to
measure the inner flow of the droplet at low Reynolds num-
bers. Duxenneuner et al. (2009) found a deformation of the
droplet and a flow inside the droplet in main flow direction.
Minor et al. (2009) found a clockwise rotational flow pattern
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inside the droplet (gas flow is from left to right). We found
in a previous study based on PIV measurements that there
is an inner flow structure inside the droplet that depends on
the incoming flow velocity (Burgmann et al. 2018a, b). As
also seen by Minor et al. (2009) at low flow velocity, there
is a clockwise rotation inside the droplet. But as for the first
time observed in our work with increasing flow velocity, an
additional vortical structure appears that is counterclock-
wise rotating. On the same time, the amplitude of the con-
tour oscillation rises. It is still unclear why and how this
additional vortical structure appears and why this vortex
becomes the dominant one for flow velocities close to the
critical velocity.

Concerning the droplet oscillation, it was found that the
frequency spectrum exhibits several characteristic peaks.
These characteristic frequencies can be associated with the
resonant frequency and its harmonic frequencies (Sharp
et al. 2011, Barwari et al. 2018b).

It can be assumed that the onset of the droplet motion
depends on the inner flow structure of the droplet and may
be a self-excitation process due to contour oscillation, oscil-
lating inner flow structure and flow field around the droplet.
As shown by Wood et al. (2017, 2018) for a flexible hemi-
sphere there might be a separated flow in the wake of such
an oscillating structure.

Hence the flow around the droplet will be measured by
a laser-Doppler velocity profile sensor, an enhancement of
conventional laser-Doppler velocimetry, that allows for a
high spatial and temporal resolution. It has been demon-
strated that with this technique even very small bidirectional
velocities can be measured even very close to surfaces (Dues
etal. 2019).

2 Experimental setup

The measurement setup consists of a channel of rectangu-
lar cross-section (12 X 15 mm) which is intended to mimic
among other things flow conditions similar to a fuel cell
channel. The channel is made of acrylic glass (PMMA)
with a moderate hydrophilic behavior; the static contact
angle for PMMA-water is 74.4° +0.3°. This transparent
material is chosen to enable optical access to analyze,
e.g., two-phase flow conditions (see Fig. 1). Droplets of
different liquids and different sizes can be placed by a
syringe on the bottom wall at the downstream end of the
channel. Droplets of water and glycerin are applied, and
the volume of the droplets is changed between 15 and
40 pl. The bottom wall of the channel can be changed,
e.g., a smooth transparent PMMA wall like in this case
or a porous medium like a metallic foam can be inserted
(compare Dues et al. 2019). The channel length is 700 mm
which is sufficient to provide fully developed laminar or

droplet on PMMA
with flow direction
and LDV-profilesenor

measurement
region

Fig.1 Image of the channel exemplary showing a droplet on the
channel bottom wall with laser beams of the LDV profile sensor

turbulent flow at the measurement section. The air flow
is controlled by an axial fan (see Fig. 1) and the maxi-
mum Reynolds number (based on mean air velocity and
hydraulic diameter of the channel) that is investigated is
Re,=20,000. The corresponding Reynolds number based
on droplet diameter is in the range of Re ;= 200-5000.

The setup enables contour detection by shadowgraph-
technique and also the application of laser-optical flow meas-
urement systems. Concerning shadowgraph-technique, an
LED illuminates the droplet from the back and the shadow
of the droplet is recorded with a high-speed camera (sen-
sor size 1696 x 1710 px, pixel size 8 X 8 pm, magnification
0.065). . An edge detection algorithm is applied to assess the
instantaneous contour of the droplet and droplet oscillation
and the corresponding frequencies are analyzed by a fast
Fourier transformation (FFT) (see Fig. 2).

While the flow inside the droplet was measured by PIV
in a previous study (Burgmann et al. 2018a, b), in this case
the flow around the droplet will be investigated in detail.
Therefore, the flow in the wake of the droplet is measured
with a hot-film probe (TSI 1750 CT). To prevent damage
of the probe, it is inserted into the channel with a minimum
distance to the wall of 0.5 mm and a minimum distance to
the oscillating droplet of again 0.5 mm. At distinct positions
behind the droplet, the velocity profile is measured with a
spatial resolution (step-size) of 0.1 mm. All measurement
locations are within the symmetry plane of the channel and
therefore within the center plane (x—y—plane) of the drop-
let. The flow is sampled with 1200 Hz. Note, due to the
measurement-principle, the single-wire hot-film probe only
enables the measurement of absolute values, while the flow
direction cannot be detected.

As already demonstrated in Burgmann et al. (2013), it
is possible to use laser-optical, particle-based measurement
techniques to investigate two-phase flows like in fuel cell
channels. In this case, the flow is seeded with 1 um DEHS
droplets using an atomizer. There is no hint that the seeding
particles interfere with the liquid of the droplet that is to be
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Fig.2 Sketch of the channel with adhering droplet and the application of shadowgraph-technique (a), the hot-film probe (b) and the LDV profile

sensor (¢)

investigated. To gain a deeper insight into the wake flow of
the droplet, a laser-Doppler velocity profile sensor was used.

2.1 Laser-Doppler velocity profile sensor
with frequency shift

As the name implies, the laser-Doppler profile sensor is
based on the well-known laser-Doppler technique. In this
case, two laser beams of different wavelength (532 nm
and 553 nm) are used. Each laser beam is split and the two
sub-beams are crossing in their measurement volume each.
Note, two interference patterns emerge: the first one has a
convergent fringe pattern, whereas the second one has a
divergent fringe pattern (Czarske et al. 2002). The focal
length is 160 mm for both systems. The beam distance for
the 532 nm system is ~ 45 mm at the front lens; for the
553 nm system, it is ~# 70 mm. Due to the characteristic
fringe distances d,(z) and d,(z) along the optical axis z, there
will be two Doppler signals for a particle passing the joint
measurement volume. Since the quotient of the two Dop-
pler frequencies f;(v,z) and f5(v,z) equals the quotient of the
fringe distances

_ fl (V7 Z) _ dz(z)
H(v,2)  di(@)
the axial position z of a particle crossing the measurement

volume is known. The fringe patterns are well known, and
hence the local velocity of a particle reads as:

wz) = fi. d\(2) = f5. dy(2) )

q(2) ey

Therefore, not only the lateral velocity of a particle but
also the axial position of the particle inside the interference
pattern system is known. The spatial resolution of the laser-
Doppler profile sensor therefore is significantly increased
compared to conventional LDV and may reach micrometers
(Biittner et al. 2008; Konig et al. 2010). Among others, the
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velocity profile sensor has been applied for the analysis of
near-wall turbulence statistics in a turbulent channel flow
(Shirai et al. 2008) and to investigate the gas flow distribu-
tion across the individual cells of a fuel cell stack (Biirkle
et al. 2020). In this particular work, an additionally improved
laser-Doppler profile sensor is used that allows for the detec-
tion of the velocity direction of the particle.

Up to now, laser-Doppler profile sensors have been used
in a 1C-version, i.e., no frequency shift was applied and
hence only the absolute value of the velocity could be meas-
ured. Flow measurements in (turbulent) shear flows or sepa-
rated flows are hardly possible. Therefore, in this work the
laser-Doppler velocity profile sensor is improved in a way
that for each of the two laser beams one of the sub-beams
that are used to form the interference patterns is modified
with a frequency shift. For each laser, an acousto-optic
modulator (AOM, Bragg-cell) is used separately that slightly
shifts the wavelength and leads to a moving interference-
pattern. According to the sign of the velocity direction, dif-
ferent Doppler frequencies f;, appear with respect to the shift
frequency f;. The applied shift frequencies were 3 MHz and
5 MHz, respectively.

2.2 Analysis of the measurement uncertainty
of the laser-Doppler profile sensor

As mentioned above, the laser-Doppler profile sensor
possesses two fringe patterns. These fringe patterns have
been calibrated with the ILA R&D GmbH inhouse velocity
standard, a rotating disk facility. The local fringe patterns
are determined by positioning the measurement volumes
tangential on the surface of a precision-honed glass cylin-
der (U,,4ius ® 1 um) which rotates at known angular speed.
The uncertainty for the fringe patterns determination is
in the order of 0.03% (k=1). The deviation for the deter-
mination of the Doppler frequency is well below 0.006%
according to a DAkkS/DKD calibration certificate. The
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Fig.3 a Monte Carlo evaluation for the uncertainty of the derived z
position U, () for a single burst plotted versus the optical axis. The
center of the measuring volume is approximately at Z,,,=0. Mean
deviation of the derived z position per bin D, (+). b Expanded uncer-
tainty for the axial velocity. The rise in uncertainty for y >3 mm is

uncertainty due to the shift frequency is already included,
since the probes are calibrated at the specified shift fre-
quency. The overall change of the calibration constant
within the valid measurement volume is less than 6% resp
2.5%. Therefore, it seems justified to assume the influence
on the determination of velocity to be less than 1%.

The measurement volume of the laser-Doppler profile
sensor has a length of +200 pm. To measure the velocity
distribution within a few millimeters as in this case affords
the use of a traversing system. Considering the measure-
ment uncertainty, this traversing system has to be taken
into account. It is appropriate to calculate mean velocity
values based on a spatial binning of all measured bursts. In
this case, a spatial step size of 10 um is used for binning.

According to a Monte Carlo (MC) evaluation, based on
of the probes fringe-calibration-data (gathered at ILA’s
rotating disk facility), an estimated uncertainty for the tra-
versing system U,,,, =10 um (k=1), an uncertainty for the
fringe patterns calibration Uy, =0.03% (k=1) and an
estimated uncertainty for the determination of the Doppler
frequency Ugpp=0.006% (k=1), the average uncertainty
for the location of a single particle Uz is~ 11 pm (k=1).
Note, a burst of an inclined trajectory containing a chirp
will lead to a slightly broadened Doppler peak. This broad-
ening is, however, very small because the chirp is quite
small in relation to the absolute Doppler frequency. In
this case, the frequency estimator will give an averaged
frequency, which is again the center frequency, and hence

caused by the drop in burst numbers at the border of the (traversed)
measuring volume. A region with an elevated level of uncertainty can
be observed around y &~ 1.5—this is due to the strong gradient within
this region, compare Fig. 5

the position z will be calculated as the average position
where the particle passed the measurement volume.

The dominating source for the uncertainty for the position
of each particle is uncertainty of the traversing system. The
Monte Carlo evaluation has been performed with 10° sam-
ples at more than 200 positions in the valid measuring vol-
ume (+200 um). The mean deviation from the true position
D,;, is about 2.6 um (k=1) per 10 um bin. The uncertainty
U, as well as the mean deviation Dy, from the position Z
increases slightly to the edges of the measuring volume. The
result of the Monte Carlo evaluation is depicted in Fig. 3a.

An uncertainty analysis according to Guides in Metrology
(GUM) framework (JCGM 2008) for the derived axial veloc-
ity has been carried out for each of the mentioned 10 um
bins. The considered factors are:

1. The observed standard deviation of the velocity
The observed number of events (bursts)

3. An estimated uncertainty for the determination of the
Doppler frequency of Uppr=0.006% (k=1)

4. An estimated uncertainty for the fringe pattern calibra-
tion Ugine =0.03% (k=1)

5. An estimated uncertainty for the shift frequency of
Ugr=0.005% (k=1)

From the number of observations (bursts) and the stand-

ard deviation, a statistical uncertainty is derived (compare
Albrecht et al. 2003). All uncertainties are converted to
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relative uncertainties for the ease of calculation. The com-
bined relative uncertainty is then derived by the square root
of the sum of the squared relative uncertainties, assum-
ing no correlation between the individual components. To
obtain the expanded uncertainty, a coverage factor of k=2
is chosen. The derived expanded uncertainty is exempla-
rily depicted in Fig. 3b. The observed local uncertainty
ranges from 0.025 to 0.225 m/s. The mean value of the
expanded uncertainty (k=2) for the observed axial velocity
is 0.051 m/s in the valid measurement volume (+ 200 pum).

This particular laser-Doppler profile sensor is modified
with a frequency shift. Frequency shifted laser-Doppler
anemometer are a well-established measurement technique.
Since the laser-Doppler profile sensor is (merely) a combi-
nation of two independent LDV systems, no further uncer-
tainty regarding the measurement of velocity is expected.
In contrast due to the measurement of the velocity by two
independent systems, the confidence in the obtained veloc-
ity values is increased. For now, the laser-Doppler profile
sensor only measures one velocity component. A viable
enhancement to measure a second component at the same
time would be a chirp analysis as outlined by Biittner et.al
(20006).

2.3 Application of the laser-Doppler profile sensor
to channel and droplet flow

The measurement of very low absolute velocities close to
the wall is difficult. This is caused by light reflection, poor
particle rate and high dynamics of the Doppler signal. But
the shifted laser-Doppler sensor creates a significantly better
result compared to the un-shifted version since the super-
imposed shift frequency leads to signal frequencies much
greater than zero. Therefore, the signal-to-noise ratio is
improved and filtering of the signal may be more distinct. A
higher amount of measured zero velocities might be caused
by attached particles and scratches at the glass wall and will
be filtered in the following data processing. Note, not the
complete intersection region leads to useful results. Hence,
only the mid-section of the measurement volume with a
length of +200 pm is used.

As demonstrated in Dues et al. (2019) for a similar chan-
nel flow experiment as in this case, measurements as close
as 0.15 mm to the wall are possible when the optical axis is
opposed to the wall normal direction. Additionally, it was
shown for a porous backward-facing step that the sensor
was able to detect backflow velocities with a temporal mean
value of 0.05 m/s (less than 1% of the measured maximum
velocity at Rey, =4500) clearly demonstrating the high
dynamic range of the measurement technique.

In the present case, the flow is measured through the bot-
tom PMMA wall where the droplet is placed. As can be
seen in Figs. 4 And 5, the turbulent velocity profile at the
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Fig.4 Semi-logarithmic velocity profile for Rey, =3,500 at the bot-
tom wall of the channel based on average measured values per
10 pm-bin (+). Comparison to logarithmic law (—e—), solution for
viscous sublayer (——) and analytic solution of Gersten and Herwig
(Gersten 2005) (—) for turbulent pipe flow

channel wall as well as a velocity profile behind a droplet
with backflow can be precisely measured. Measurements are
again performed in the center plane of the droplet. Hence, it
is supposed to be a symmetry plane in the temporal mean.
The measurement volume is oriented such that the veloc-
ity component in channel direction and therefore bulk flow
direction can be measured. It is assumed that this component
is a viable estimator for the mean frequency behavior of the
velocity field in the symmetry plane behind a droplet. A
significant bias on the detected flow pattern (backflow zone)
is not assumed.

Each complete data set consists of approximately 310,000
measured bursts. Since the selected measurement region of
the profile sensor is +200 pm, the complete velocity profile
is scanned by shifting the sensor by 100 pm. That means a
25% overlap is chosen. In this case, the mean values (black
crosses in Figs. 4, 5, 6) are calculated based on a spatial
binning of all measured bursts (spatial step size of 10 um).

Note, introducing a transparent wall between sensor and
measurement region shifts the measurement volume but
does not change the calibration slope of the LDV profile sen-
sor (Shirai et al. 2008). The shift of the measurement volume
has been considered by introducing a piece of PMMA of the
same thickness, while the sensor is calibrated at the spinning
glass cylinder and by carefully analyzing the measurement
data. Shifting the sensor at the PMMA-wall of the channel
leads to significant and strong decay of the data rate. There-
fore, the wall position was detected with+5 pum in the worst
case. Misalignment of the optical axis of the sensor and the
wall normal would lead to a relative shift of the fringe pat-
tern with respect to each other due to the different refraction.
To avoid that effect, the sensor is carefully aligned with the
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max

channel wall normal using an ILA R&D GmbH traversing
system. The automatic traversing system consists of two per-
pendicular orientated precision linear stages each combined
with motor which provides an axial theoretical resolution of
54,000 steps/mm, i.e., 0.018 um per step, respectively. How-
ever, the maximal mechanical deviations are stated as 7 um
vertical and 10 um lateral per axis; therefore, the software
limits the resolution currently to about 1 pm.

Figure 4 shows not only the quality of the flow at the
measurement position, which exhibits a classical turbulent

=6 m/s, Re,, =4450, Re, = 1650)

velocity profile, but also the precision and limits of the
LDV profile sensor. As can be seen, even the viscous sub-
layer can be measured in a precise manner. The closest
point to the wall, which is calculated based on the men-
tioned averaging, has a wall distance of 10 um, which
corresponds to y* =0.233. Note, even this measurement
point contains 10—20 valid single measurements. As can
be deduced from Fig. 6, most of the calculated values are
based on approximately 1,000 measured single particles
(bursts).
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Fig.7 Example of the contour oscillation of a 15-ul water droplet at high flow velocity (upper part) and corresponding frequency spectra of the

contour oscillation (lower part) for three flow velocities

Hence, this new sensor enables the measurement of flow
direction and velocity magnitude offering low local uncer-
tainties with a spatial resolution of less than 10 pm and is
very suitable for the analysis of the wake flow of adhering
droplets.

3 Results
3.1 Droplet oscillation

Several droplet volumes and flow in the wake of the droplets
are investigated. In agreement with previous studies, it was
found that the droplet starts to oscillate even at flow veloci-
ties much smaller than the critical velocity that corresponds
to the droplet detachment. The droplet contour oscillation
for the still adhering droplet was measured by shadowgra-
phy with a recording frequency of 900 Hz. An edge detec-
tion algorithm was applied, and for selected points along
the contour the temporal change of the position in x- and
y-direction was analyzed by FFT. The result is exemplarily
shown in Fig. 7 for a 15 pl water droplet. In the upper part
of Fig. 7, the contour oscillation is exemplarily shown by
snapshots for a high flow velocity. As can be seen, the drop-
let is deformed and exhibits a contour oscillation in x- and
y-direction. In the lower part of this figure, three spectra of
the contour oscillation are shown that correspond to three
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different flow velocities: 14% u ., 57% gy and 72% ;.
The critical velocity for this particular droplet on PMMA-
substrate was previously measured (Barwari et al. 2018a).

In agreement with previous results (Barwari et al. 2018b),
it was found that the frequency spectrum exhibits character-
istic peaks (lower part of Fig. 7). These can be associated
with the resonant frequency and its harmonic frequencies
(n=2,3,4...) according to the formula given by Sharp et al.
(2011) (see Eq. 3). This frequency depends on droplet mass
m and decreases with increasing droplet volume.

3 30— 2
f = 'z\/ﬂcos 6 —3cosf + 3)
2V 24m 63

In this equation, 6 denotes the static contact angle, which
is 74.4° +0.3° for water in this case, and y is the surface
tension of the liquid, measured as 71.96 mN/m for water in
this case. The correction factor ¢ was determined by Sharp
et al. to be approximately 0.81.

As can be deduced from Fig. 7 for a 15 pl drop-
let, the first measured eigen-frequencies are
f =33Hz, 72Hz, 105Hz and 152Hz, compared to
Sfo=o =379Hz, f,_; = 69.7Hz, f,_, = 107.2Hz and
fu=s = 149.9 Hz based on the formula given by Sharp et al.
Hence, the agreement between this semiempirical law and
the experiment is quite well. This conclusion is valid for
all other measured droplet volumes. As it becomes obvious
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Fig. 8 Frequency spectra of the contour oscillation of a 8-yl droplet for three different fluids with increasing viscosity from left to right

from the exemplarily shown cases in Fig. 7, the character-
istic frequencies of the droplet oscillation do not depend
on flow velocity—oscillation still sticks to the eigen-
frequencies. Note, for higher flow velocities higher-order
modes appear in the droplet oscillation spectra that possess
significantly lower amplitudes.

As mentioned before different fluids were tested,
namely different mixtures of water and glycerin. In all
cases, a contour oscillation was observed. Interestingly, an
increase in the amount of glycerin only slightly changes
the peak frequencies as exemplarily demonstrated in
Fig. 8. This is because an increase in glycerin lowers sur-
face tension but on the other hand increases mass (Barwari
et al. 2018a). Obviously, the increase in the viscosity by
increasing the amount of glycerin leads to a damping of
the oscillation (Fig. 8). The damping of the droplet oscil-
lation corresponds to an increase in the critical velocity
that is needed to move the droplet as shown in Barwari
et al. (2018a).

Hence, the kind of oscillation does not significantly
change for the different mixtures of glycerin and water
investigated here. In each case, the oscillation of the droplet
is mainly a back-and-forth (first frequency peak) and an up-
and-down movement (second frequency peak) (Barwari et al
2021). It can be assumed that the oscillation of the droplet
affects the flow field in the wake of the droplet. As shown by
Wood et al. (2017, 2018) for a flexible air-filled rubber cap,
there might be a flow separation in the wake of the droplet.
In order to analyze the coherence between droplet oscillation
and flow, the wake of liquid droplet is measured at distinct
locations downstream of the droplet.

3.2 Wake flow of the droplet

The laser-Doppler velocity profile sensor is used since this
sensor allows for the detection of backflow even with very
small absolute values and very close to surfaces as men-
tioned in Sect. 2.1. Again, and corresponding to the shad-
owgraph measurements, several liquids, volumes and flow
rates are investigated.

Figure 9 exemplarily shows the measured veloc-
ity profiles in the wake of an 20-ul droplet for Re ;=500
(U= 1,55 m/s). This droplet has a length of 5.4 mm and a
mean height of 1.6 mm. Results of the laser-Doppler profile
sensor as well as data points obtained from hot-film meas-
urements are displayed. As can be deduced from the meas-
ured velocity profiles, there seems to be a wake flow behind
the droplet due to the displacement effect. This becomes
obvious in the lower velocity values at y smaller than the
droplet height. The velocity profile still shows the wake of
the droplet even at x larger than 1.5 times the droplet length
(x=8 mm).

With increasing flow velocity results of the profile sen-
sor measurement as well as of the hot-film measurement,
the velocity profiles change significantly. As shown in
Fig. 10 for Re;=1200, a steep gradient at y=1.5 mm can
be detected. The velocity profiles give hint on a separated
shear layer stemming from the top of the droplet. Note, due
to the much better spatial resolution and the ability to meas-
ure bidirectional flows the results of the laser-Doppler pro-
file sensor exhibit a backflow zone which extends up to 0.5
times the droplet length in downstream direction. Despite
the part with negative velocities, the measured profiles of the
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Fig. 10 Velocity profiles in the wake of an oscillating adhering 20-ul of the rear contact line of the droplet: 1 mm (left), 2 mm (center left),
droplet: comparison between profile-sensor data (4) and hot-film 4 mm (center right), 8 mm (right)
measurement (O) for Re;=1200. Measurement location downstream

laser-Doppler profile sensor and the hot-film sensor agree  except for the backflow zone. It can be assumed that there is
very well. a separated shear layer stemming from the top of the droplet.

Further increasing the flow velocity again shows a In a previous work, PIV has been applied to measure
steep gradient at y=1.5 mm. As can be seen in Fig. 11 for  the flow inside the droplet for various channel flow veloci-
Re;=1650 ,the laser-Doppler profile sensor again is able to  ties. For details on the measurement setup and findings, see
measure a backflow zone in the wake of the droplet. Again, = Burgmann et al. (2018a, b). Three selected cases are shown
in this case, the shape of the measured velocity profiles  in Fig. 12 that correspond to the conditions of the profile-
(profile-sensor and hot-film-sensor) does not differ much  sensor measurements presented above.
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Fig. 11 Velocity profiles in the wake of an oscillating adhering
20 pl-droplet: comparison between profile-sensor data (+) and hot-
film measurement (O0) for Rey = 1650. Measurement location down-
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Fig. 12 Characteristic flow structures inside a 20-ul water droplet as measured by PIV for three selected channel flow velocities

As can be seen in this figure, there is a clockwise rota-
tion inside the droplet for low Reynolds numbers (Re =440)
(with respect to the channel flow from the left). For higher
flow velocities, a stronger upstream flow at the rear end of
the droplet can be detected, that corresponds to a counter-
clockwise flow rotation. This counterclockwise rotation
becomes more dominant with increasing flow velocity.
Comparing these findings for the exemplarily shown cases

Re =440, Re;=800 and Re ;= 1,650 with the corresponding
measurements of the wake flow behind the droplet shown in
Figs. 9, 10, 11, the following statements can be made: there
is no backflow in the wake in case of clockwise rotation
inside the droplet; there is a backflow zone in the wake of
the droplet in those cases where a strong upstream motion
at the rear end of the droplet can be measured. Based on the
profile sensor measurement, it can be assumed that there is
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a separation phenomenon which leads to a backflow region
at the rear part of the droplet. Therefore, it can be concluded
that this backflow structure at the rear end of the droplet is
the driving mechanism for the strong flow movement inside
the droplet against channel flow direction.

3.3 Coherence of droplet and flow oscillation

To further elucidate the phenomena of inner droplet flow,
droplet oscillation and wake flow, the time-signal of the
measured velocity is additionally analyzed by FFT. Based
on the measured velocity profiles, the region of the strong
velocity gradient in the droplet wake is investigated in detail.
Note, the hot-film data sets are used in this case since in
this region profile-sensor data and hot-film data agree quite
well. Sampling rate (1200 Hz) as well as sample-length
(6000 samples per each measurement location) allow for an
adequate temporal analysis.

It is found that the flow downstream of the droplet exhib-
its a similar characteristic frequency spectrum as the droplet
contour oscillation, most noticeably the second peak of the
droplet oscillation can be clearly detected again in the flow
oscillation. This is exemplarily demonstrated in Fig. 13 for
a 15 pl-droplet. Again, it can be seen from the spectra of the
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flow velocity that the characteristic peaks do not alter with
increasing flow velocity just as for the contour oscillation.

Based on the results, it can be concluded that there is a
coherence between flow and contour oscillation and vice
versa. The corresponding Strouhal number (Eq. 4)

_fud
h u

St

: )
crit

is calculated with the droplet diameter d and the critical
flow velocity u,. As can be seen in Fig. 14, the character-
istic first and second frequencies (n = 2, 3) decrease with
increasing droplet volume. This leads to Strouhal numbers
that are almost constant in the investigated regime of droplet
volumes and are in the range of 0.015 and 0.03. Note, there
is a slight decrease in the Strouhal numbers with increas-
ing glycerin-content, i.e., increasing viscosity. Note, in this
work, Reynolds numbers based droplet diameter are in the
range of Re; = 500—5,000. Comparing these results with
previous findings is difficult since there is no known work
in the same Reynolds number regime and with equivalent
setting. However, it is noteworthy that the detected Strou-
hal number for the second contour-frequency peak is in a
range where aeroelastic effects such as gallopping might
occur: St=0.05 (Forsching 1974). This frequency peak
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Fig. 14 Characteristic first and second eigen-frequencies (left) and corresponding Strouhal numbers (right) of the oscillating droplet for different

droplet volumes

Fig. 15 Sketch of the character-
istic center-plane flow field of
an adhering oscillating droplet
in shear flow; temporal mean on
the left, oscillation pattern on

the right

corresponds to an up-and-down movement of the droplet
that might be the source of an aeroelastic effect.

Hence, this new insight into the oscillation characteristics
of the droplet and its concatenation to the flow in combina-
tion with the flow structure inside the droplet and at the rear
of the droplet may help to understand the stability mecha-
nism of adhering droplets in shear flow and the critical con-
dition of eventual movement of the droplet.

4 Discussion and conclusion

Comprehensive studies on the interaction of adhering,
oscillating droplets and the surrounding shear flow have
been performed. According to literature, it was found that
droplets start to oscillate even at low flow velocities, i.e.,
less than 25% of the critical velocity that leads to final
droplet movement. Droplet oscillation exhibits two signifi-
cant peaks that can be associated with a back-and-fourth
and an up-and-down movement. For higher flow velocities,
the oscillation of the droplet changes in a way that higher-
order vibration modes appear. Additionally, it was found
that an increase viscosity does not significantly change the
contour oscillation spectrum concerning the frequencies
but changes the amplitudes. Hence, based on the present
data it can be stated that the oscillation frequency mainly
depends on the droplet volume and surface tension. This
finding agrees with previous work. Frequency values based

on analytical solutions (with correction factor, Sharp et al.
2011) are very well consistent with the measured drop-
let oscillation. Note, for increasing viscosity a significant
damping of the oscillation can be observed. This damping
effect can be directly linked with the increase in the criti-
cal velocity that is needed to move the droplet (compare
Barwari et al. 2018a, 2019).

The velocity fluctuation in the wake of the droplet was
also analyzed. Most noticeably the second peak frequency
of the contour oscillation was found in the velocity spec-
trum. It was additionally derived from flow measurements
that there is a shear gradient in the velocity profile in the
wake. For higher flow velocities, a locally confined back-
flow zone emerges, which can be only detected by precise
LDV profile sensor measurements. It can be deduced that
the flow around the droplet leads to a shear layer formation.
It can be assumed that this layer is rolled-up and a backflow
zone is formed, i.e., a clockwise rotating vortex emerges
downstream of the droplet (see Fig. 15). A similar struc-
ture was also found by Wood et al. (2017, 2018) for flex-
ible hemispheres but at higher Reynolds numbers. Note, the
backflow pattern in the wake of the droplet is only present
in the temporal mean.

Often (separated) shear layers tend to oscillate. In this
case, the droplet contour, which is the driving source of the
shear layer formation, is oscillating up-and-down and there-
fore an oscillating shear layer can be assumed. As mentioned
before, the results clearly show a corresponding oscillation
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of the flow, exhibiting the same frequency peak as the con-
tour oscillation (second peak).

In the literature, mainly the first peak of the droplet oscil-
lation is in focus (e.g., Daniel et al. 2005; Temperton and
Sharp 2013). This mode is called “rocking mode”, i.e., the
drop “rocks” from left to right, when the drop is subjected
to lateral forces (Costalonga and Brunet (2020)).! But, for
an adhering droplet in shear flow, the second droplet-oscil-
lation peak can be clearly found in the velocity spectrum.
This is a hint that there might be a connection between flow
and droplet that eventually leads to a droplet instability and
detachment.

In the following, we try to assess the mechanism of the
flow instability in the wake of an oscillating droplet. There
are plenty of investigations in the literature that deal with the
oscillating wake flow of rigid cylinders with splitter plate
on the leeward side (e.g., Roshko 1955; Apelt et al. 1973;
1975; Kwon and Choi 1996; Abdi et al. 2017). All these
cases represent comparable but not equivalent settings to
the present case, i.e., hemispherical structure that leads to
flow oscillation in the wake that is affected by a flow-parallel
wall. In the literature mentioned above, rigid cylinders with
splitter plate have been investigated at Reynolds numbers of
Re, = 0(102 - 104). In all mentioned investigations, char-
acteristic frequencies of the vortex shedding stemming from
the cylinder can be found. Typical Strouhal numbers are in
the range of 0.1 < St < 0.2 (Apelt et al. 1973; 1975; Kwon
and Choi 1996; Abdi et al. 2017). In these cases, it was
found the length of the splitter plate leads to a reduction of
the Strouhal numbers. Roshko (1955) and Apelt et al. (1975)
reported that the vortex shedding disappears if the length of
the splitter plate (1) was larger than 5d for Re,; = 0(104).
Note, in this work the droplet-based Reynolds number is in
the same range as for the investigations of cylinders with
splitter plate. It has to be mentioned that in the case of a
cylinder with splitter plate the flow is two-dimensional and
the approaching flow is uniform, whereas in this case a
boundary layer is present and the flow in the wake of the
droplet is assumed to be three-dimensional. Nevertheless,
in both cases separated shear layers in the wake appear that
are affected by a wall. Keeping this analogy in mind Strouhal
numbers in the order of 0.03 may correspond to the find-
ings of Roshko (1955) and Apelt et al. (1975). Note, elastic
structures have not been in focus for the mentioned inves-
tigations, which is why an almost unique Strouhal number
might appear in this case with “elastic” droplet.

“«

! Note, ,.rocking motion “ is not simply a lateral motion but also
associated with a motion on a circular path (compare molecular
vibration and loudspeakers). Hence, we suggest that the combination
of the first and second peaks of the droplet oscillation may be associ-
ated with a “rocking motion.” Further investigations need to be done.
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Tavakol et al. (2015) and Wood and Breuer (2017, 2018)
investigated hemispheres on a flat plate at turbulent flows
and high Reynolds numbers Re,, = O(10”). Tavakol et al.
(2015) mention Strouhal numbers of St = 0.28 in the wake
of a rigid hemisphere. Wood and Breuer (2017, 2018) inves-
tigated a flexible rubber hemisphere and detected several
distinctive Strouhal numbers based on structure-oscillation
at Re,, = 50,000. The authors were able to associate these
structure oscillations with characteristic vortical struc-
tures: an asymmetric von Karmén vortex street at St = 0.16
and an arc-type symmetric vortex shedding in the range
0.24 < St < 0.31. They also found a strong roll-up of the
shear layer forming large vortices exciting the flexible hemi-
sphere with a Strouhal number St = 0.4. Note, these inves-
tigations have been performed at highly turbulent channel
flows, which is why the flow field in the wake as well as the
Strouhal numbers might be different.

However, the more relevant difference to the other inves-
tigations seems to be the movement of the surface and the
inner flow of the hemispherical structure, i.e., the droplet.
While the elastic hemisphere in Wood et al. (2017, 2018)
may move only in bulging manner, the surface of the droplet
is a fluidic interface. Therefore, fluid elements on the droplet
surface may move in direction of the local surrounding flow.
This may change the coherence between structure and flow
completely. The eigen-oscillation of the droplet interferes
with the surrounding flow, which is supposed to exhibit
a shear layer oscillation. According to Forsching (1974),
a Strouhal number of 0.05 corresponds to an aeroelastic
self-excitation which is called “galloping.” Hence, it may
be assumed that this phenomenon is present for adhering
oscillating droplets in shear flow.

There is another effect that leads to a special aeroelastic
configuration. Due to viscosity, the flow inside the droplet is
directly affected by the surface movement in contrast to the
case of the elastic hemisphere shown in Wood et al. (2017,
2018). As shown in previous PIV measurements (Burgmann
et al. (2018a, b), a rotating flow structure exists inside the
droplet. For lower Reynolds numbers, this structure rotates
in direction of the channel flow. This corresponds to the find-
ings of LDV profile sensor measurements with no backflow
in the wake of the droplet. At higher Reynolds numbers,
the pattern inside the droplet changes and a counterrotat-
ing pattern occurs. The Reynolds number regime where this
is happening corresponds exactly to the Reynolds number
found here for the onset of the formation of a backflow zone.
Hence, it can be concluded that the backflow zone in the
wake of the droplet may be the driving mechanism of the
change of the flow pattern inside the droplet. Note, we were
only able to measure this backflow zone using a bidirectional
LDV profile sensor with high spatial resolution.

This new finding of the coherence of droplet oscilla-
tion, inner flow structure and wake structure of a droplet
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in shear flow may help to understand the stability mecha-
nism of such droplets and the critical condition of even-
tual movement of the droplet. In previous publications,
analytical model of the force balance of adhering droplets
in shear flow has been derived (e.g., Basu et al. 1997,
Chen et al. 2005. Hao and Cheng (2010), Polverino et al.
(2013)). None of these models takes the flow structure
and interaction of flow and “elastic” droplet into account.
Hence, the appropriate drag force correlation for an oscil-
lating, non-rigid, spherical-cap like structure is still miss-
ing. This work may help, but further analysis is necessary
to fill this gap.

Note, the mentioned PIV measurements have to be
performed through the curved surface of the droplet. As
shown by Minor et al. (2009) for a non-oscillating drop-
let in shear flow, the precision of the measurement of the
inner flow structure of the droplet can be increased using
ray-tracing methods to account for the light refraction at
the curved interface. The oscillating contour of the droplet
in this case hinders the application of a ray-tracing correc-
tion. Hence, the results presented here only show typical
pattern of the flow inside an oscillating droplet. Taking
advantage from novel components and methods from the
field of adaptive optics (Biittner et al. 2020), precise meas-
urements may be possible using fast deformable mirrors
that correct the distortion of the droplet surface (Teich
et al. 2016; Radner et al. 2020). Additional measurements
are planned using these techniques. Furthermore, addi-
tional measurements of the wake flow are planned using
a combination of LDV profile sensor and PIV measure-
ments. Understanding the inner and outer flow structure
of oscillating droplets may help to improve the numerical
modeling of these two-phase flows. Additionally, it may
be possible to derive a better analytical model considering
possible aeroelastic effects. Eventually, it may be possible
that onset and droplet movement itself can be predicted
more precisely.
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