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Abstract: This paper aims to study the path oscillations of single, spherical water droplets levitated
in a wind tunnel to better comprehend the mechanical motion of small raindrops. The observations
were carried out in the Mainz vertical wind tunnel. The discrete, fast Fourier transform was used to
determine the oscillatory frequencies of the droplet paths, and the Hilbert transform was applied
to analyze their instantaneous frequency stability. Both transversal and streamwise components of
the path oscillations are described with typical frequencies of several tens of Hertz. The studied
oscillations elongate the paths, reduce the terminal velocity of the smallest droplets, and make the
rain droplet fall in a non-uniform motion even after reaching terminal velocity. The terminal velocity
can be considered as physically having been reached if our proposed practical criterion is satisfied.
From a fluid mechanics perspective, the paper fills an experimental gap in the studies of the paths
oscillations of single, liquid spheres of microscopic sizes at low Bond numbers <1 and relatively low
Reynolds numbers ~102.

Keywords: raindrops; precipitation; gravitational deposition; flow-induced vibrations; vortex-induced
vibrations; path oscillations

1. Introduction

There is a legend that in the 16th century Galileo Galilei climbed to the top of the
Leaning Tower of Pisa and dropped balls of different masses from there. Thus, he re-
futed Aristotle’s statement that heavier objects fall faster than lighter ones. Choosing
objects denser than air, Galilei intuitively recognized the necessity to minimize the air drag.
However, if he had dropped small water drops, he might have hardly refuted Aristotle’s
statement, because their motion is not so simple.

Later, Isaac Newton identified the oscillations of freely falling globes [1]. He procured
a wooden vessel filled with rainwater and let fall small globes made up of wax with lead
therein, 100–200 grain each (i.e., 5–10 g). He totally immersed the globes under water and
lowered down their heaviest side to diminish rotational oscillations. The globes performed
certain oscillations that had been damped on their own as they fell down after several
oscillations. Although that process was non-steady, and the globes did not reach terminal
velocity, Newton was the first who mentioned sphere oscillations in fluid.

Small rain droplets in the atmosphere are similar to Newtonian globes. The difference
is that air serves as fluid, so they are easily carried away by wind. Even in still air, their
motion can look objectless and pretty disorderly, which makes them difficult to observe.
For the last decades, some researchers have been investigating the motion of spheres in
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fluid, attempting to neglect their seemingly random fluttering. Therefore, the experiments
or calculations were performed either with fixed spheres flown around [2,3] or with dense
spheres of a relatively large radius moved in stationary fluid [4]. However, little attention
has been paid to the vibrational path motion of spheres superimposed on their averagely
straight movement through fluid. Although there are a number of studies about vibrating
cylinders [5–7], they have not described the case of spherical symmetry.

The oscillatory-like motion ultimately enables micro-sized drops to float in air for a
longer time, just as roughness hinders a bar from sliding down an inclined plane. This is ap-
plicable particularly to human-produced drops [8]. Coughing produces about 3000 droplet
nuclei, which is equivalent to the same number as talking for five minutes. Sneezing pro-
duces up to 40,000 droplets with diameters in the range between 0.5 and 12 µm. Therefore,
airborne viruses always pose an increased threat to human health [9].

Large raindrops falling on soils breakup and eject fine secondary droplets upward.
These droplets are in the range between units and hundreds of microns and can contain
bacteria from the soil, assisting their spread over a wide area [10]. When breaking, the
raindrop also splashes elements of the soil within microdroplets causing the rain’s odor [11].
Certainly, the prolonged duration of the aforementioned phenomena is due to the suspen-
sion and hover of microdroplets in the air. Hence, the spread of some agricultural diseases
and pathogens is also possible via airborne transmission [12]. Some other important pro-
cesses can be mentioned, such as the transfer of inclusions by droplets ejected from the
hydrophobic surfaces of plant leaves during condensation [13,14] and coalescence [15,16],
and bioprecipitation [17].

Anthropogenic aerosol particles greatly released into the atmospheric boundary layer
over cities serve as cloud condensation nuclei, and the solar insolation is thereby decreased
in polluted cities [18,19]. The cloud droplets formed on these nuclei tend to remain sus-
pended for a long time because of their smallness requiring longer time to coalesce up to
the size efficient for precipitation [20]. It is remarkable that during the great lockdown of
2020 it took several weeks for the air to be cleansed in a natural way [21].

As for rain, we should especially mention the natural fog and drizzle produced by low
stratiform and stratocumulus clouds, normally between 100 µm and 500 µm in diameter
with terminal velocity up to a few m/s. This type of precipitation is the most common over
the world’s oceans. Its intensity is low (less 1 mm per hour), but it lasts many hours and,
it is also accompanied by deteriorating horizon visibility. Another phenomenon which is
worth noting is the so-called “virga”, which means broken tracks of droplets from clouds
that evaporate before reaching the ground. Virgas impart a distinctive look to nimbostratus
clouds. They are often seen in hot and dry climates (e.g., they are predominant in the
atmosphere of Venus, where sulfuric acid rains evaporate at an altitude of about 25 km [22]).
Apparently, the virga droplets overstay a little more in air due to the mechanical vibration,
which causes their pathways to elongate, and they undergo an additional mass exchange in
comparison with the case of averagely straightened paths [23–26]. Thus, the evaporation of
raindrops in virgas may occur not only by differences in temperature and humidity between
the clouds and air beneath them but additionally by the air blowing onto microdroplets
that move along swirled trajectories.

All the last mentioned several phenomena of droplet overstay in air are caused by
not only by air drag but also by vibrations developed according to vortex- and flow-
induced physical mechanisms. Despite the wide relevance, vortex- and flow-induced
vibrations have interested researchers only within artificial technical systems and engineer-
ing situations [27,28] To date, special attention has not been paid to the mechanical path
oscillations of levitated microdroplets in the atmosphere at small Bond and relatively small
Reynolds numbers [29,30]. Compared to Rayleigh shape oscillations [31–33]), we consider
the droplets as rigid spheres. The reasons for atmospheric microdroplets to sway incessantly
are debatable. On the one hand, there are small vortexes (eddies) with over-Kolmogorov
sizes in the ambient air originating from natural atmospheric convection. On the other
hand, there can be (self-excited) vortexes caused by the non-point-like droplet itself because
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it perturbs the oncoming flow, which can be laminar without the droplet’s presence [2,3,34].
Additionally, the mechanism of flow-induced vibration seems to contribute to the swaying
motion of droplets [35].

This paper aims to identify the oscillatory signatures in the mechanical motion of single
rain droplets. We modeled the case of the fluid moving relative to the almost motionless
levitated droplet in a compact laboratory setup. We call the droplets “almost motionless”
in the moving reference frame because they are motionless in this frame only on average,
i.e., additional fluctuations and vibrations certainly output each droplet from the origin
point. This additional motion includes not only a stochastic component but also periodical
regularities. The study included high-speed video filming of droplets of microscopic size
in the Mainz vertical wind tunnel [36,37], image processing, collecting space-time data
on the droplets’ positions, and Fourier analysis of these data. This research is the first
attempt to study the path oscillations of droplets with small Bond numbers (Bo < 1) and
relatively small Reynolds numbers (Re ~ 102) under conditions close to the natural ones in
the atmosphere. The results will enable us to comprehend the function of this phenomenon
in nature.

The paper is structured as follows. Section 2 provides a brief review of both theoretical
and experimental studies on the vibration of objects in a moving fluid medium. Section 3
describes the experimental setup used to record observations of raindrops. In Section 4, we
explain the principles of recognition of the droplets on recorded frames and preparation
of the data sets for subsequent numerical analysis. Section 5 explains the pre-processing
of the experimental data. In Section 6, we proceed to the Fourier and Hilbert analyses of
the data to extract significant frequencies and clarify their stability. Finally, we discuss the
obtained findings (Section 7) and formulate conclusions (Section 8).

2. Current State of Research

Many laboratory setups enable reproducing real atmospheric conditions and mete-
orological processes [38]. Among them, there are setups of a wind-tube-type that have
appeared since the 1900s [39]. In these setups, solid particles or liquid droplets (hydrom-
eteors) levitate in a vertically upward-oriented airstream counteracting gravity. Similar
conditions evolve when a precipitation drop falls from a cloud down to the ground. In
other words, this drop acts like levitated one in an experimental setup but in a reference
frame moving with terminal velocity. The meteorological setups are used to investigate
the growth of droplets, concentrations of chemical components in them, phase transitions,
deformation, disintegration, and backscattering. Conditions for the levitation of light parti-
cles and droplets are also created in levitators of different physical principles [40]. In all the
cases, there is an inherent mechanical mobility of the particles with spontaneous random
displacements. However, this mobility has usually been considered as a side effect and has
not attracted researchers’ attention yet; only the smoothed trajectories of hydrometeors
have been studied for many years [23–26]. Recently, a periodic trembling motion of levi-
tated particles has been observed in experiments with acoustic and optical levitation [41,42];
however, it was predicted much earlier [43]. These particles participate in an oscillatory-like
mechanical motion in a potential well, which determines the frequency of their oscillations.
It is worth noting that some researchers have been interested in the stochastic motion in
potential wells from a mathematical point of view for many decades [44,45].

Rain droplets falling in the atmosphere or levitating in a laboratory wind-tube setup
are surrounded by a local potential well formed with the flow medium pathlines [46]
by the Coandă effect. It is important for the Bernoulli effect, when a light ball floats
stably in a vertically upward-oriented airstream [47], which is the basis of the Bernoulli
blower toy. It is interesting that the recently invented droplet cluster technology provides
similar conditions where horizontal arrays of water microdroplets levitate in a moist
airflow ascending upward and form a planar regular structure [48]. Droplet clusters are
characterized by some permanent wobble motion, just as the aforementioned particles in
the levitators. In our previous studies, we introduced the issue of mechanical oscillations
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for both vertical [49,50] and planar horizontal components [51,52] of the droplet cluster
motion. The close observation of tracer particles revealed vortexes beneath the droplet
clusters [53].

The oscillations, or vibrations, with the vortex- and flow-induced nature are of special
interest for many researchers. For example, to date the dynamics of tethered sphere were
investigated numerically in [54]. The study of transverse oscillations of an elastically
mounted sphere was also performed numerically [55] including for a sphere piercing the
gas–liquid interface [56]. The study [57] focused on eddy simulations downstream of a
sphere in the half-space near the free surface. A technique to control the vibrations using a
base bleed actuation was presented in [58] with the possibility to suppress them. The use
of rotation for control was first suggested in [59,60] Designing the roughness geometry of
the sphere surface was also investigated in [61]. Some researchers have focused on the link
between the transient velocity and terminal velocity at the flow past a sphere [62–64]. We
believe that there is no reason for scientists to stop conducting research in this area.

3. Experimental Setup

Our experiment was performed in the Mainz vertical wind tunnel (Figure 1), in
which water drops can be freely suspended at their respective terminal velocities [65]
Outside air is sucked by two vacuum pumps through the wind tunnel. The air speed
varies from 10 cm/s to 14 m/s with an accuracy of 1 cm/s in the observation section
employed for these measurements. Air speed adaptation time is very short, approximately
250 ms, due to the deployed ultrasonic valve, which can be opened and closed quickly
electronically by the operator. To avoid turbulence in the airflow in the observation section,
a laminarization section is designed just below the contraction section of the wind tunnel.
This laminarization section consists of a set of sieves and ensures that the airflow in the
observation section of the wind tunnel is laminar with a residual turbulence intensity less
than 0.5% [66]. During the experiment, the wind speed, the air temperature, and the dew
point were continuously recorded. The air temperature was measured by a pt100 sensor,
while the dew point was measured with a dew point hygrometer (DP3-D-SH-III, MBW
Electronic).
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Several similar-sized droplets with about 700 micron diameters were injected into the
wind tunnel air stream using a hypodermic syringe. Before that, the air speed was set to
the approximate terminal speed of the droplets, i.e., to ~3 m/s. The operator chose an
appropriate droplet to be floated by visual inspection and kept the droplet at about the same
position in the wind tunnel by manually changing the wind tunnel speed continuously.
This adjustment was needed because the floated droplet was evaporating, and thus its size,
and consequently, its terminal speed, continuously decreased. This enabled measuring
different size droplets by recording them after different residence times in the wind tunnel.
The recording was performed by a high-speed digital video camera (Motion ProX, Redlake,
Inc., San Diego, CA, USA) at a frame rate of 1000 fps and a spatial resolution of 12 microns
per pixel. For the imaging, background illumination was applied using a 400-W dc cold
light lamp and an opal diffusing glass. Nevertheless, due to the 1:1 magnification used in
the optical setup for the camera to achieve a high spatial resolution, the field of view of the
camera was limited to about 1 cm × 1 cm × 1 cm. Consequently, the droplets were floating
for only several hundred milliseconds in front of the camera. This time was, however,
sufficient to perform the frequency analysis. The size of the floated droplets was calculated
from the air speed needed to freely float them in the wind tunnel using the formula given
in [67].

Figure 2 depicts the size change of the water droplets. The air temperature in the
depicted measurements was ~21 ◦C, whereas the dew point was ~0 ◦C. This low humidity
drove the evaporation of the water droplets. The evaporation rate of 0.8 micron per second
can be calculated from Figure 2. Hence, during the whole recording period of a levitated
droplet (~0.5 s) the radius decrease was 0.35 micron or 0.14% at the most.
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Figure 2. The temporal evolution of the drop size as a function of time for a droplet levitated in the
airflow of the Mainz vertical wind tunnel.

Note that the fluctuation in the droplet size shown in Figure 2 originated from the
freely floating nature of the experiments [68]. Each droplet was floating in the center of
the wind tunnel at a pre-defined position of observation (see Figure 1). In some cases, the
droplet tended to go to the wind tunnel wall, and it left its central position. The operator
reduced the wind speed by approx. 0.1 m/s so that the droplet came into a flow field
region at the boundary between the laminarization section and the observation section,
where a small velocity dip exists in the center of the wind tunnel. The droplet position
was more centered, and the velocity was increased again to the actual terminal velocity,
and the droplet was floating again at the position of the observation. However, this was
insignificant for short observations <1 s.
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4. Automatic Detection of Droplets in Images

A series of photographs obtained in automatic mode from the laboratory setup are
used as initial data (Figure 3). The photographs must be sharp enough to indicate the
droplet boundary. Since the distance between the droplet and the camera is large, the
droplet projects onto the photograph by parallel rays, and the diameter of the droplet image
is equal to the droplet diameter. The open source OpenCV library is used to recognize the
droplet. This library enables us to find various objects in images with determination of
their parameters (position, size, tilt). In our particular case, we can get a list of droplets
from the photograph (if there are several of them on it), the coordinates of their centers,
and their average diameters.
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Figure 3. A typical 609 µm diameter droplet with pixilation (enlarged picture) and change its position
in 0.1 s (indicated by an arrow; the negative frame is superimposed on the positive one).

Before searching for objects, the source file is prepared by processing according to the
Gaussian algorithm (a slight blur in order to average the boundaries of objects). Then it is
binarized (i.e., reduced to a monochrome palette) with certain parameters, which determine
how accurately the boundary of the object will be recognized (to be precise, which shades
will be recognized as the object and as the background).

The OpenCV library contains algorithms for searching for geometric objects, such as
triangles, squares, and ellipses similar to circles. The droplet shade is often a rotated ellipse,
and noise in the image (appearing for various reasons, e.g., low illumination, or object sizes
that are too small, or image distortions in the camera’s optical pathway) makes the border
of the object far from a smooth curve. Therefore, closed contours are searched for, such as
contours of a certain length or inner contours located inside other contours (this effect is
caused by lighting). The borders of the photograph are chosen as the coordinate axes: the
horizontal x and vertical y. The result is a list of ellipses with the center coordinates, the
size of the semi-axes, and the slope regarding the coordinate axes. The size of the ellipses is
averaged, resulting in effective circles with coordinates and sizes in pixels, from which one
can get the real sizes of the objects, knowing the shooting parameters or a predetermined
image scale (12 microns per pixel in our case). The output data are summarized in a table
used further for numerical analysis.

5. Data Processing

The recognition of each droplet enables us to determine its position with the coordi-
nates xi and yi summarized in the table at the certain time moment ti = i/f (where 0 ≤ i ≤ k).
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The position data contain drifts that are worth subtracting. The most common drifts are
linear and quadratic, which can be written as follows:

A0 + A1t + A2t2,

where A0,1,2 are the coefficients obtained by quadratic approximation of the primary data
set xi or yi. In Fourier analysis, drifts clog the spectrum near low frequencies. As a result,
the sought frequency peaks may be masked. If the drifts are subtracted, a new dataset is
obtained, which may be not completely devoid of drifts due to the random recognition
error of the primary dataset. In this case, the procedure can be repeated until the data set is
finally cleared. This process, usually called detrending, reduces noise at low frequencies
and makes significant peaks more visible over the noise. In general, subtraction of trends
is a quite common procedure. For example, it is used in mapping the cosmic microwave
background with the anisotropic trend subtraction.

At the same time, we consider it inappropriate to subtract the cubic A3t3 and higher
order drifts because starting with the cubic, such a drift may contain an oscillation with the
largest possible period equal to T. For example, if the path law of the droplet x is close to
the following curve

x = const · t · (t − T) · (t − T/2),

the spectrum obviously has a high peak at the frequency ν = 1/T.

6. Fourier Analysis
6.1. Applying of the Discrete Fast Fourier Transform

The following discrete Fourier transform enables us to analyze the frequency response
for some quantity L:

Lj =
N−1

∑
n=0

lk exp
(
−2πi

N
kn
)

, k = 0, . . . , N − 1,

where N = 2m is the number of observation frames and m is an integer, and L corresponds
to the droplet position on the coordinates x or y.

The recording frequency is f = 1000 frames per second. Whereas the interval intended
for analysis must contain a number of frames equal to a power of two, N = 28 frames often
fit in our observations. The duration of this interval is T = (N − 1)/f = 0.255 s, and therefore,
with complete certainty we can select the following frequencies:

ν ≥ 1/T,

which is over 3.92 Hz. Frequency measurement error ∆ν is half of this value, i.e., ±1.96 Hz.
All video recordings shorter than T = 0.255 s were discarded in order not to roughen the
results. For longer video recordings containing several 0.255 s segments, averaging was
applied over the segments’ spectra. This procedure is described in [65].

Figure 4 shows the result of applying the computational scheme for the Fourier
analysis to our data obtained from the observations of the droplets in the wind tunnel.
Since the primary unit of measuring the x and y coordinates is a pixel, the amplitude of
the harmonics in the spectra is also measurable in pixels. Only those spectral peaks where
amplitude exceeds one pixel can be considered significant because image pixilation limits
clarity (Figure 3). Generally, since the spectral columns are quite wide (3.92 Hz), one should
keep in mind that a certain oscillation may not be reflected in the spectrum if its energy is
too small. A peak must not only be higher than one pixel in order to be significant, but it
must also stand out well visually against the background noise. All these conditions are
met successfully.
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6.2. Applying of the Hilbert Transform for Instantaneous Frequency Analysis

To analyze frequency variance over time, instantaneous frequency concept was used.
The most common algorithm to compute it is based on the Hilbert transform. For arbitrary
signal x(t), the Hilbert transform is defined as follows [69]:

H[x(t)] def
=

1
π

∫ +∞

−∞

x(τ)
t− τ

dτ = h(t).

Analytic or complex signal A(t) of x(t) has the following structure:

A(t) = x(t) + ih(t).

It can be rewritten in the following way:

A(t) = F−1{F[x(t)]2U} = Env(t) exp[iΦ(t)],

where F is the Fourier transform, U is the unit step function, and Env(t) is the amplitude
envelope:

Env(t) = |A(t)| =
√

x(t)2 + h(t)2.

The phase function defined in these terms is the following:

Φ(t) = argA(t) = arctan
[

h(t)
x(t)

]
.

Further, the instantaneous frequency can be computed as follows:

f (t) =
1

2π

dΦ(t)
dt

.

The common systems for mathematical calculations and program libraries for scientific
computing do implement this transform. The SciPy implementation was used (Python
(version: 3.9; developer: Python Software Foundation; License: Python Software Founda-
tion License; Location of headquarter: Delaware, US; URL: https://www.python.org/psf-
landing/, accessed on 22 May 2022). SciPy (version: 1.7.3; developer: Community library
project; License: BSD; Location: Worldwide; URL: https://scipy.org/, accessed on 22 May
2022)) [70]. Tukey’s rule was used to remove outliers in the instantaneous frequency. To
analyze the trend over time, the instantaneous frequency values were smoothed by the
moving average (window size = 33). A distinctive feature of this analysis is that the number
of frames can be arbitrary, whereas the fast Fourier transform requires a number necessarily
equal to 2m. Therefore, now we are able to take recordings of full length.

The components x and y in each recording were analyzed separately, and then values
of their instantaneous frequencies were compared with each other (see the example in
Figure 5). The Student’s t test was used, and normality of distribution within each recording
was assessed by the Shapiro–Wilk test. All the indicators are normally distributed in
Figure 6 (the data are presented as “median value ± standard deviation”). The Kruskal–
Wallis test was used because of the smallness of the statistical population of the observations,
and the data are presented by colored rectangles as median values (a horizontal bar)
between the limits of the first and third quartiles. The SciPy criteria implementation was
used.

https://www.python.org/psf-landing/
https://www.python.org/psf-landing/
https://scipy.org/
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7. Discussion

The spectra for the diameter data do not have peaks (Figure 4). It means there is no
any regular illumination flickering or a periodic instrumental error in the recognition of the
droplet diameters. Hence, the peaks observed in the spectra for x and y associate neither
with flicker of light and electric voltage in the illuminator network, nor a recognition error,
either. In addition, the absence of considerable peaks in the spectra for the diameters
means that the droplet walking from and toward the camera lens is small compared to
the operational depth of the camera field. The camera is more tolerable of the object
displacements out of focus at a large distance rather than at short distances when the
diameter oscillations do contribute to the spectra [65].

In the averaged spectra for transverse x and streamwise y motion, only one significant
peak higher than one pixel was mainly observed. The height of the peaks did not show
a pronounced tendency to depend on the Reynolds number; it could locally increase and
decrease with increasing Reynolds number. The peaks in the spectra for x and y cannot
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be attributed to the resonant frequency of the mechanical system of the camera because
their heights were not constant from time to time with an always constant magnification.
Surprisingly, the amplitude of the droplet oscillations along the flow (typically, several
and dozen pixels) revealed to be larger than across the flow (one to two, or a few pixels).
However, the difference between the amplitudes seems to be less given that the vibrations
in the right/left and back/forth directions are equiprobably possible. Accordingly, the true
amplitude must be close to the observed one multiplied by

√
2. Thus, the oscillations in

the vertical direction have approximately twice the amplitude of those in the horizontal
direction. The energy is proportional to the squared amplitude. The droplet moves non-
uniformly along y even nigh the terminal velocity, i.e., by jerks. Similar oscillations were
revealed in the studies [71–73] where the transition process from the transient velocity
to the settling (terminal) velocity was modeled for a sphere in viscoelastic fluid. In their
model, they found that the sphere’s velocity tends to reach the settling velocity value
with an overshoot to higher values and subsequent oscillations about the ultimate settling
velocity. These oscillations follow after the overshoot and slowly decay. However, their
model is not applicable to our case because the oscillations observed in our research are
always present undamped and do not require an initial overshoot of the droplet velocity
for their development.

In many cases, the peak frequencies were coupled between both directions. If a peak
was in one direction, e.g., x, then it was also in the other direction, i.e., y. According to the
discrete fast Fourier analysis, the peaks were in the range between 11.76 Hz and 50.98 Hz,
with an error of ±1.96 Hz, and they did not have a pronounced tendency to depend on the
Reynolds number.

The analysis of the instantaneous frequency showed the presence of some instability
of the droplet oscillations with a frequency variation near a certain main value. Figure 7
illustrates this with the example of several successive observation sections, where different
neighboring modes could compete with each other in the amplitude height. It was possible
to distinguish clearly some average, most probable value (Figure 4). The diagrams in
Figure 6 show some increase in frequency with increasing Reynolds number for the vibra-
tions in the x direction. However, for the vibrations along y, rather, constancy is observed
regardless of the Reynolds number due to the smallness of the set of observations.
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The reasons for the types of frequencies in each observation are entirely unclear.
Possibly, the Re range from 46 to 162 is rather narrow, and a few vortexes are developed
around the droplet. The random addition or removal of one stable vortex may become
a significant event throughout the timeline of the droplet and immediately change its
frequency responses (Figure 7). At least in some size-limited dissipative systems, the
number of vortexes matters [74].

Formulas for the pressure field in which a spherical body localizes within a fluid flow
are available in fluid dynamics monographs [46,75]. As the Reynolds number increases, a
bluff body approaches vortex shedding, galloping, and turbulence [5]. Usually the two-
dimensional set of motion equations governs the transverse x and streamwise y motion of
the bluff body [7]. The small scale of the oscillations enables us to hypothesize that they are
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caused not by external turbulence but by the droplet itself, which perturbs the oncoming
flow. At Re ~ 100, although the vortex street accompanies the droplet, it must be laminar
not turbulent [76].

From the following simple problem formulation, one can see that the vibrations of the
droplet slow down its fall. Suppose that the center of mass of a small spherical droplet,
participating in two antiphase horizontal oscillations with the same frequency ω, draws
a circular helix with a radius r in space (imagine r > R for ease of understanding). As the
droplet falls, its potential energy is converted into kinetic energy, rotational energy (as much
as the great inertia moment is, according to Steiner’s theorem), and energy dissipation
(cf. [77]. pl Ch. 2–10). The medium resists both the downward translational acceleration of
the droplet and the circular rotation acceleration, thus stabilizing both values. As a result,
all potential energy tends to be completely converted into the work of the medium drag. In
the classical calculation of terminal velocity, the difference between the body weight and
the drag force is equated to zero, but for our droplet with oscillations, the vectors of these
forces no longer lie on the same straight line. Thus, to calculate the terminal velocity, it is
easier to use the potential energy consumption at each turn of the helical trajectory. The
terminal velocity of the droplet is less than the classical value, namely:

U =
Ut

2
+

√(
Ut

2

)2
− r2ω2 ,

where Ut is the terminal velocity found in the classical way. In the case of small rω, we
have the approximate equality:

U ≈ Ut −
r2ω2

Ut
,

hence
∆U
Ut

=
r2ω2

U2
t

.

Certainly, the derivation does not take into account those vertical streamwise vibra-
tions, which also should be taken into account. For the droplets from our observations,
the correction seems to be small (~10–7%) because the terminal velocity ranged from 2 to
3 m/s, with typical frequencies up to 50 Hz and the oscillation amplitude around 10–30 µm.
However, in the experiments with single, levitated microdroplets with a diameter of about
50 µm, using the technology described in [51], bands of many oscillations were observed,
and the correction to the terminal velocity could be at the level of ~10–4% (this percentage
increases with decreasing a droplet size).

This is a little disappointing as we were initially motivated by the expectation that the
effect could contribute to many observable and practical outcomes, such as easier coagula-
tion of a nearby hydrometeor pair [78], enhancement of scavenging of dust aerosol particles
from air due to the larger swept space volume [79], increase in collection efficiency [80]
because of an increase in the collision probability of droplets with aerosol particles [81,82]
during the gravitational sedimentation process [83], etc. These numerous processes ap-
parently are driven and enhanced by the wake field of lower pressure behind the droplet,
because this field draws matter in and particles from the outside, like a vacuum cleaner,
and the effect is stronger with eddy shedding [84]. We admit that this effect is much
more significant compared to the additional space sweeping by a droplet with mechanical
vibrations.

Although the additional space sweeping is small, it is not equal to zero. Its contribution
increases as the droplet decreases (as shown above, by three orders of magnitude from
10–7% to 10–4% with a tenfold decrease in the droplet size). We presume that it is important
in the so-called Greenfield gap, where the collection efficiency was considered to be the
minimum [85,86]. This gap is a particle range between 50 nm and 2 µm sizes behaving as
tracer-like particles. These particles are sensitive to both inertia and Brownian motion.
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Therefore, we believe that flow-induced motion should be taken into account addi-
tionally to the gravitational sedimentation movement for the proper calculation of particle
dynamics in the atmosphere, along with the Cunningham correction factor [87], which is
important to particles less than 15 µm in diameter at air in ambient conditions. The effec-
tive drag coefficient, apparently, can be slightly corrected for precipitation droplets of the
smallest radius because an increase in the swept area should increase the effective droplet
collision cross-section. Moreover, solid aerosol particles must have an additional periodic
motion too, which is necessary to better understand patterns of dust sedimentation [88].

Finally, we would like to emphasize that a droplet approaches its terminal velocity Ut
asymptotically with time t→ ∞, which is not applicable from the physical point of view.
Therefore, the characteristic time of reaching the terminal velocity could be the time, which
corresponds to the moment, when the lack of current velocity v to the terminal value Ut
relates to the same terminal velocity as e:

Ut − v
Ut

<
1
e

.

hence, we derive

v > vter

(
1− 1

e

)
= 0.63vter.

However, it looks strange because a droplet in its timeline seems to expect almost
half of the velocity gain. Thus, we suggest another criterion, when the droplet could be
considered as physically having reached its terminal velocity:

v−Ut <
r2ω2

Ut
.

Here r can be not only the radius of a circular helix trajectory as above but also the
amplitude of the oscillations, in general. The last inequality means that as soon as it has
performed, the increase in velocity value cannot be noticed.

8. Conclusions

The behavior of falling raindrops in the atmosphere is far from simple uniform move-
ment along smooth and straight pathways. Apparently, the presence of a non-point-like
droplet in an initially laminar airflow creates perturbations that quickly acquire a regular
character. We have attempted to identify the signatures of mechanical droplet vibrations
based on an original experimental technique. We observed the levitation of micro-sized
water droplets in the Mainz vertical wind tunnel. Fourier and Hilbert transforms were
applied to find regularities in the data on the position of droplets in the field of view of the
high-speed video camera.

We ascertained that the path oscillations of droplets do exist. The amplitude of stream-
wise oscillations was revealed to be larger than that of transverse oscillations. Interestingly,
the presence of streamwise oscillations means that the fall of the droplet is a non-uniform
motion even when terminal velocity is reached. At the same time, the vibration slightly
reduces the real terminal velocity in comparison to the classical one, which is usually
calculated assuming the straightness and verticality of the path. In general, the discrete fast
Fourier analysis did not show a pronounced tendency for the height and position of the
spectral peaks to depend on the Reynolds number, droplet mass, and terminal velocity. The
possible reason for this is the relatively narrow operating range of the Reynolds number
available in our research and that the series were statistically not numerous. However, the
analysis of the instantaneous frequency showed that the oscillation frequencies along x
seem to grow with increasing Reynolds number. As a suggestion for further research, we
recommend plotting the thick cloud of points in the “frequency” vs. “Reynolds number”
or “droplet mass” axes.
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It remains unclear why this or that frequency is revealed out of all the possible ones.
Based on the previous studies [51,52,65], we are inclined to believe that droplet oscillations
are of a self-excited nature since they were previously identified in the observations with
droplet clusters within an absolutely laminar ascending flow. Nevertheless, it is also
possible that the oscillations are partially related to external conditions, such as residual
turbulence intensity < 0.5%. The properties of the droplet (diameter, mass) necessarily
leave their decisive imprint, and the resulting spectra must be determined partly by the
external conditions but mainly by the droplet’s own properties. The droplet is localized in
the potential well formed by the radial pressure field. Pulsating distortions in the oncoming
flow can generate vortexes that regularly strike the droplet. This laboratory observation
of microdroplet path oscillations at low Bond and relatively low Reynolds numbers is
expected to be unique.

The studied phenomenon seems to be significant in the Greenfield gap, which includes
particles ranging in size from 50 nm to 2 µm. Therefore, the flow-induced oscillations of
aerosol particles at micro-scale are seemingly as important as corrections for non-continuity,
such as the Cunningham correction factor. This should somehow be taken into account in
the correct calculation of particle dynamics in the atmosphere.
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