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Abstract—A microscopic-size droplet levitates steadily in a vapor—air flow rising upward over a locally heated
thin water layer. A Fourier analysis of the droplet position during a high-speed video recording revealed
small-amplitude high-frequency droplet oscillations. This study focuses on overcoming the noise hindering
extraction of oscillatory modes from spectra. The analysis revealed that some modes are associated with the
horizontal droplet motion, while the others are due to the vertical motion. Possible physical reasons for the
onset of this oscillatory motion are briefly discussed. Along with a single droplet, small clusters consisting of

two or three droplets are considered.
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1. INTRODUCTION

The air medium hinders significantly the motion of
rain droplets and clouds; the smaller the droplet size,
the greater this hindrance is. It is most pronounced for
fog or drizzle droplets from low stratiform and strato-
cumulus clouds, consisting of liquid droplets from 100
to 500 um in diameter, with a terminal velocity up to
few m/s. Precipitations of this type are most frequent
over world oceans; they deteriorate visibility.

Each droplet perturbs the air medium through
which it falls onto the earth ground. The pathlines of
the medium flowing around the droplet according to
the Coanda effect, form a potential well, in which the
droplet is localized [1]. This well moves jointly with
the droplet with a terminal velocity. A wakefield region
formes behind the droplet, where random fluctuations
and regular air microturbulences arise. As a result, the
droplet is pushed by vortices, but it cannot deviate sig-
nificantly from the vertical line because of the pres-
ence of potential well (in contrast to a Brownian parti-
cle). Researchers generally disregard the oscillatory
component of motion and deal with only smoothed
(dashed line in Fig. 1), well predictable droplet trajec-
tories [2—4], despite the fact that the additional
motion makes droplet to sweep a larger volume of
space. Thus, it can be concluded, in particular, that
droplet oscillations facilitate scavenging of solid aero-
sol dust particles from atmosphere [5]; they also affect
the heat and mass transfer with the surrounding air
(oscillating droplets are blown around more inten-
sively). The latter factor facilitates the formation of the

so-called virgas: broken tracks of droplets falling from
nimbostratus clouds and evaporated before reaching
the ground in hot and dry climates.

Due to the vibrational motion, microdroplets of
any nature can float in air for a longer time. This is
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Fig. 1. (Color online) Schematic path of a falling drizzle
droplet.
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applicable in particular to droplets produced by
coughing or sneezing [6—8]. Large raindrops falling
on the soil disintegrate into smaller ones, which are
carried away by air currents; these small droplets may
contain bacteria from the soil helping them spread
over a wider area [9]. Along with small droplets, soil
particles are also splashed, causing a peculiar rain
odor, known as petrichor [10]. Some agricultural dis-
eases and pathogens can also be spread via airborne
transmission [11]. There is no doubt that hovering of
microdroplets in air because of their oscillations facil-
itates all the aforementioned phenomena.

Mechanical oscillations of liquid hydrometeors
falling on the ground with a terminal velocity may
occur in two directions: either perpendicular or paral-
lel to the oncoming air flow direction. The oscillations
in the perpendicular direction have recently been
investigated using the droplet cluster technology [12].
A droplet cluster is an array of levitated water micro-
droplets, forming and self-organizing into a mono-
layer with an order close to hexagonal. Cluster droplets
levitate above a locally heated flat water surface,
because their weight is balanced by the ascending
vapor—air flow. Their state is similar both to the state
of droplets levitating in clouds and to the state of drop-
lets falling down through the atmosphere, if we pass to
the frame of reference in which a raindrop is on aver-
age at rest. As the cluster is localized at the center of a
limited region of space, it is convenient for direct
observations. In a series of papers published several
years ago a first attempt was made to develop an anal-
ogy between a droplet cluster and the microstructure
of clouds and fogs [13—15]. Further, the droplet cluster
technology was used as a tool for studying the micro-
meteorological processes associated with single drop-
lets or their clusters. The objects of study were the
electric charge of droplets [16, 17], the electrically-
driven coalescence [18] and condensational growth
[19, 20] of droplets, as well as the influence of IR radi-
ation [21] and electric field [22, 23] on their conden-
sation. The inoculation of microorganisms into fog
and cloud droplets was also investigated experimen-
tally [24]. A decrease in the working temperature of
droplets to room temperature gives grounds to expect
generation of stable bioaerosols in future [25].

The study of planar horizontal oscillations (occur-
ring perpendicularly to the flow of medium oncoming
on a droplet from below) revealed a packet of frequen-
cies in the range between 1.61 and 5.96 Hz, which are
independent of both the mass of droplets and the sizes
of a cluster formed by them [12]. The microturbulence
vortices accompanying the droplet levitation in air
(located between the droplet and water layer) were
visualized later using tracer particles on the water sur-
face [26].

The presence of high-frequency vertical oscilla-
tions of droplets (occurring along the oncoming air-
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flow) was predicted theoretically in [27—29]. Here, we
consider experimentally these vertical oscillations by
an example of a levitated single droplet and small clus-
ters consisting of two or three droplets. The first quan-
titative experimental observation of vertical oscilla-
tions of microdroplets at small Reynolds numbers
(Re <'1) was recently reported by the authors in coop-
eration with other researchers [30]. The emphasis of
that publication was on the determination of the effec-
tive stiffness coefficient of the potential well in the ver-
tical direction and its role in the stable levitation of
droplet clusters. A problem of noise, which obscured
the vertical oscillation frequencies and complicated
the analysis, arose during the study. For this reason, a
large amount of work aimed at minimizing noise and
verifying the assignment of spectral peaks to vertical
and horizontal oscillation directions was carried out.
However, that part of the study remained beyond the
frames of brief letter [30]. In this context, we would
like to report here the data processing technique devel-
oped to solve the aforementioned problem. The issues
concerning the influence of the recording frequency
rate and the number and mass of droplets on the
recorded spectral patterns are also considered.

2. EXPERIMENTAL

The details of the laboratory setup developed for
observations were reported in [30]. Let us briefly recall
them (Fig. 2). Microdroplets are formed and ordered
into a cluster (/) above a thin (400 um) horizontal
water layer (2) containing a surfactant substance with
a low concentration (sodium dodecyl sulfate, 0.5 g/L).
The surfactant, as was shown in a special study [31],
does not enter the composition of levitating droplets
but suppresses the thermocapillary convection in the
underlying water layer. The layer distributes over a
Sitall substrate (3) of 400 um thickness, glued on the
metal base of a cuvette (4). The cuvette body contains
a network of channels connected to a cryothermostat
CC 805 (Huber, Germany), which serve to stabilize
the water temperature at the cuvette periphery at a
level of 10°C. Beam (5) of a semiconductor laser
(MRL-III-660D-1W, CNI, China) performs a medi-
ated local heating of water layer by heating the lower
blackened surface of the substrate (3). The tempera-
ture distribution over the water surface is monitored by
a thermal imager A655sc (FLIR, United States). The
temperature at the heating spot center is monitored by
a pyrometric sensor LT-CF2-CB3 (Micro-Epsilon,
United States). If the concentration of condensation
nuclei in the cuvette air is depleted to a value insuffi-
cient for cluster formation for some reasonable time
(this may occur in a series of long-term experiments),
an ultrasonic inhaler (A&D, Japan), filled with dis-
tilled water, can be used to generate clusters. Light
penetrating through a hole (6) illuminates the cluster,
whose image is directed by a mirror (7) to a micro-
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Fig. 2. (Color online) Schematic of the laboratory setup: (/) cluster, (2) thin water layer, (3) Sitall substrate, (4) cell base, (5) semi-
conductor laser beam, (6) hole, (7) mirror, and (§) microscope lens.
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Fig. 3. (Color online) Photographs of a droplet (above) and its reflection (below) at two different instants (recording rate 150 s_l,
magnification 120X). Dashed lines show automatically recognized sizes.

scope lens (&8). Thus, the droplet cluster is viewed
aside.

One can limit the number of droplets using the fol-
lowing two-stage technique [19]. First, a cluster con-
taining many droplets forms above the water surface.
Then the power of laser beam () is sharply increased,
so as to make the water surface temperature equal to
T= 62 £ 1°C throughout the central part of heated
area. Droplets are ejected up by the enhanced vertical

PHYSICS OF WAVE PHENOMENA  Vol. 29

convective flow. Most of droplets are thrown beyond
the observation field boundary. Then the laser power
is reduced to the operating value. As a result, only one
or two or several levitating droplets (objects of obser-
vation) remain, and the observation reference time is
set. If the recording quality in some experiment is
inadequate (the cluster image is strongly diffused), this
experiment is repeated. Recording series are processed
using a specially written computer software program,
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Fig. 4. (Color online) Typical plots of the recognized droplet diameter D and the distance L between the centers of droplet and

its reflection.

which can recognize the droplet diameter (Fig. 3) and
measure the distance between droplets and their
reflections in water.

3. DATA PREPARATION

The droplets observed, being never at rest, oscillate
incessantly rocking in the observation field. The intri-
cate motion of a droplet is the result of superposition
of the forces acting on it: the gravity force; the drag
force from the side of vapor—air flow (close to the
Stokes force [32, 33], but, nevertheless, somewhat
deviating from it [34—36]); the buoyancy force acting
on a body moving with acceleration [37]; periodic and
almost periodic forces, related to the self-consistent
vortices surrounding the droplet [26]; and uncon-
trolled random external forces, which are reduced to
minimum.

The observer’s line of sight makes a small angle
(ao= 3°) with the water surface. This observation
geometry allows one to observe simultaneously a
droplet and its reflection in water through a micro-
scope objective (see Fig. 3). The dataset extracted
from a photograph contains the distance L between
the centers of droplet and its reflection, as well as their
diameters D. Initially all values are obtained in pixels.
A single calibration on a scale ruler near the camera
focus makes it possible to convert all values to
micrometers.

When a droplet and its reflection are in the focus of
microscope, their diameters can be determined fairly
exactly. Swaying a droplet in the directions from and
toward the observer by some distance Ax goes from the
focus, and the image becomes diffuse. This diffusion
affects the recognition of droplet diameter (see Fig. 3).
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Therefore, the value of recognized diameter oscillates
in time with horizontal motion (Fig. 4), although in
fact the true diameter should only gradually and
monotonically increase because of the vapor conden-
sation on the droplet.

Sets of values of the droplet diameter D and the dis-
tance L between the droplet and its reflection at each
instant (see Fig. 4) were obtained for a single levitating
droplet (at recording rates of 120, 150, and 180 fps), for
a couple of droplets (at a rate of 180 fps), and for a triad
of droplets (at a rate of 180 fps). It follows from Fig. 4
that the portions of plots in the second half of the
observation range are more appropriate for analysis,
because the droplet oscillations are less pronounced in
this case (the center of mass of a falling droplet is
intensively swinging, as box elder seeds do; this occurs
until the droplet reaches its equilibrium position).

It is known that, along with the oscillatory motion,
the droplet drifts in the field of view of video camera.
The most pronounced is the linear drift, when the
droplet center moves in space linearly with time. Since
this drift is bad for Fourier analysis, it is expedient to
eliminate it. Therefore, the following value must be
subtracted from the initial dataset:

Ay + Al (1)

Here, A, and A, are the coefficients obtained by linear
approximation of the initial set using the least-squares
method. This procedure does not affect the recogni-
tion of desired frequencies but makes the pattern
clearer. Even the quadratic term A,#* can be subtracted.
A new dataset is obtained as a result of drift subtrac-
tion, which may be not completely free of drift because
of the random character of the initial set. In this case
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(b)

Fig. 5. (Color online) Illustration of the summation of spectra for the droplet—image distance: (a) some spectrum 1, (b) some
spectrum 2, and (c) summary spectrum (1 + 2). One can observe amplified peaks.

the procedure can be repeated a desired number of
times, until the data become free of drift.

The above-described procedure (detrending) is
efficient on short time intervals. The droplet paths
obtained in long-term observations are too intricate;
in this case, one must subtract the trend obtained
using, for example, the moving average or Savitzky—
Golay method. Below we will analyze the data subjected
to detrending using moving average over 60 neighboring
points.

4. DATA ANALYSIS
The discrete fast Fourier transform [12]

L= exp(—%kn), k=0,..,N-1, (2

where N = 2" is the number of observational frames
and m is an integer, makes it possible to select the fre-
quency response for a distance L (Fig. 5). When ana-
lyzing horizontal oscillations, it was concluded in [12]
that the spectra cannot contain peaks caused by capil-
lary oscillations [38], because their frequency exceeds
the recording rate by several orders of magnitude.
Oscillations of underlying water layer are also absent.
Therefore, all observed mechanical oscillations of
droplet are due to its interaction with the ascending
vapor—air flow.

Since the amplitude of vertical oscillations is fairly
small, the spectra of individual observations may
barely have any pronounced peaks (see Figs. 5a, 5b).
Obviously, strong peaks are obscured by noise. The
quality can be improved by adding spectra (see Fig. 5).
Here, two approaches can be applied. First, one can
sum the spectra recorded for different clusters with the
same number of droplets at the same recording rate.
Second, the spectra from the same cluster obtained at
different but closely spaced periods of time can be
summed. Both these approaches are justified if there is
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no dependence on mass. If a cluster contains more
than one droplet, the spectra for all droplets can also
be summed. Finally, it is more interesting to pass to an
averaged spectrum rather than only to sum spectra. We
will apply these approaches below.

The following regularity can be seen in Fig. 4. The
plots for the distance L and diameter D behave simi-
larly: the positions of local valleys and convexities fol-
low each other in the same way. The matter is that the
photograph in Fig. 3 is a projection along the
observer’s line of sight. The vertical droplet displace-
ment AL in this photograph is the sum of two values:

AL = Azcoso + Axsin @, 3)

where o is the grazing observation angle. The first
term in (3) is the projection of true vertical component
Az (change in the levitation height), a value of our
interest, and the second term is the projection of hor-
izontal motion from and toward an observer, Ax.
Despite the fact that the angle o is small, the ampli-
tude Axis large: it reaches a value on the order of drop-
let diameter D. Therefore, a direct Fourier analysis of
displacement (3) yields a mixed pattern, in which both
vertical and horizontal droplet oscillations manifest
themselves. The only way to separate oscillations in
different directions is to take additionally into account
the spectrum for recognized droplet diameter D(7), in
which the horizontal motion is encoded.

5. RESULTS

The influence of the droplet mass on spectra is
illustrated in Fig. 6. To make this illustration, we chose
four short successive intervals of observation (with a
recording rate of 120 fps) of a single droplet with an
average mass from 9 to 21 ng on each interval with a
step of 3 ng. Each interval contains 2° = 512 observa-
tional points. Since the average distance between the
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Fig. 6. (Color online) Influence of mass: spectra of the (a) distance L and (b) diameter D on the initial observation interval, spec-
tra of the (c¢) distance L and (d) diameter D on the final observation interval, and the averaged spectra for the (e) distance L and

(f) diameter D. The recording rate is 120 fps.

droplet and water surface decreases with an increase in
mass, the droplet oscillations against the background
of spectrum become less pronounced (see Figs. 6a, 6b,
6¢c, and 6d). For this reason, Figs. 6¢ and 6f show spec-
tra averaged over four observation intervals.

The positions of significant peaks in spectra are
independent of the droplet mass and observation
instant (initial or final). Having compared the spectra
for the levitation height L and the spectra for the
diameter D (which contain a component of horizontal
droplet motion from/toward an observer), one can
conclude that 41.8 = 0.2 and 49.5 + 0.2 Hz are most
likely vertical oscillation frequencies. The presence of
a small peak at the same frequencies in the spectrum
of D (see Figs. 6b, 6d) does not contradict this conclu-
sion because the recognized droplet diameter is pro-
portional to the value

AD ~ —Azsin oL + Ax cos O.. “)

Therefore, any significant vertical droplet displace-
ment Az may be manifested in the presence of the cor-
responding small peak in the diameter spectrum.
Thus, expressions (3) and (4) are coupled, and any sig-
nificant shift of droplet in one direction (x or z) should
immediately manifest itself in both (L and D) spectra.
With the best will, one cannot discriminate between
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vertical and horizontal oscillations applying a linear
coordinate transformation to system (3) and (4),
because expression (4) is linear only at a small droplet
deviation, whereas the exact form of dependence (4) is
yet unknown. The only conservative way to improve
calculations is to choose the experimental portions of
L and D plots that exhibit a relatively weak deviation
from the trend line (1). Then one can expect that
expression (4) is close to equality and that the true ver-
tical displacement is Az = AL cos oo — AD sin o.. Nev-
ertheless, this way, being cumbersome, is beyond the
scope of our study.

Thus, to attribute some frequency to vertical oscil-
lations, its peak must be visualized only in the spec-
trum for height L and, ideally, be absent in the spec-
trum for diameter D (or, at least, the amplitude |L|
should exceed the amplitude |D]| at the same fre-
quency). At frequencies of 41.8 and 49.5 Hz the ampli-
tude |L | exceeds | D] by a factor of more than 3 and by a
factor of 1.8, respectively (see Figs. 6¢, 6f). In this con-
text, the value of 41.8 Hz should be considered as more
reliable. At the same time, it is doubtful that both fre-
quencies are due to the video camera oscillation eigen-
frequency, because the corresponding peaks have an
irregular amplitude (the magnification is fixed).
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Fig. 7. (Color online) Influence of the recording rate: spectra averaged over observed (a, ¢) distances L and (b, d) diameters D for
a single-droplet cluster at recording rates of (a, b) 150 and (c, d) 180 fps.

Let us briefly mention the hypothesis suggested by
us, according to which the recording rate may affect
the position of observed peaks. It was not justified
when increasing the recording by 20%: from 150 to
180 fps (Fig. 7). No peaks with frequencies multiple of
the recording rate were revealed. Therefore, there are
no grounds to believe that the observed significant
spectral peaks are due to instrumental errors.

All droplets in a cluster containing more than one
droplet move synchronously due to the Huygens syn-
chronization [39], because they interact through a gas
interlayer. Any number of droplets (one, two, or three)
in experiments leads to the same set of significant fre-
quencies. The spectra for one-, two-, and three-drop-
let clusters at the maximum technically available fre-
quency of 180 fps are compared in Fig. 8. The peaks at
41.8 and 49.5 Hz are present, as previously.

PHYSICS OF WAVE PHENOMENA  Vol. 29

6. DISCUSSION

Since a spherical droplet is a poorly streamlined
body, flow separation occurs on its lateral surface.
There is a vortex stagnation zone behind the separa-
tion line. The separation line is not stable, and vortices
from the stagnation zone periodically break loose,
moving away along the flow. This is the mechanism of
Karman vortex street formation. The frequencies of
vortex-induced oscillations in the transverse direction
relatively to the flow are estimated via the Strouhal
number as f = Stv/D. The Strouhal number St
depends on the Reynolds number Re; at Re = 1 it can
be equated approximately to 0.01 (extrapolating the
well-known dependences to small Reynolds numbers
[40, 41]). Then the oscillation frequency of a droplet
50 um in diameter at an ascending flow velocity v =5
cm/s [35] is about 10 Hz. This value coincides with the
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Fig. 8. Influence of the number of droplets: spectra of observed distances L for single droplets (black color), and two-droplet
(gray) and three-droplet (bright gray) clusters. The recording frequency rate is 180 fps.

observed ones [12]. Speaking of the estimates for ver-
tical oscillations, not everything is so clear.

Apparently, if a droplet does not shift for a fairly
long time, it modifies locally (beneath and around it)
the thermal field (the temperature under the lower
droplet pole slightly exceeds that aside). The tempera-
ture field modification is a relatively slow process.
Hence, being sharply shifted, a droplet resides for
some time above a region with another temperature
and, therefore, another vapor—air flow velocity. Obvi-
ously, the variations are very low but, at the same time,
sufficient to change the vertical oscillation frequency.
This logic explains (at least to some extent) the pres-
ence of two close maxima at frequencies of 41.8 = 0.2
and 49.5 = 0.2 Hz: one of them is related to the time
intervals on which the droplet was at rest for a time suf-
ficiently long to modify the temperature field, and the
second is related to the intervals on which the droplet
actively moved and, correspondingly, did not have
enough time to modify the temperature field. This
approach explains also why either the first or the sec-
ond maximum is higher in different spectra: this pat-
tern is determined by the ratio of the intervals of drop-
let mobility and rest, which changes fairly randomly
from record to record. The gas flow relaxation time in
the gap between the water layer and cluster is negligi-
ble. The relaxation time of a water droplet in the flow
is much longer; specifically this parameter determines
the time scale of the problem under consideration:

T=pD’ /36y,
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where p is the water density in the droplet and L is the
dynamic viscosity of water vapor and air flowing
around the droplet. At a droplet with a radius of 20 um
and a gas mixture viscosity of 15 uPa s we have T= 5.9 ms
and the droplet eigenfrequency f= 1/4t = 42 Hz.

A droplet may be affected by gas flow field pertur-
bations in a range of completely different frequencies.
For a droplet suspended in viscous gas, the response to
high-frequency oscillations of flow parameters is weak
because of the significant droplet inertia. A decrease in
the frequency of variations in gas flow parameters may
lead to a situation where the period of external pertur-
bations is comparable with the droplet dynamic relax-
ation time. In this case, one would expect a significant
increase in the amplitude of droplet vertical oscilla-
tions. Under a constant periodic perturbation of the
flow, the droplet oscillations are quasi-stationary and
nondamping. To all appearances, specifically these
oscillations were detected at frequencies of 41.8 = 0.2
and 49.5 £ 0.2 Hz.

The presence of frequency peaks implies the exis-
tence of a potential well around the droplet. The
ascending flow is laminar, but the presence of a drop-
let induces fairly regular turbulent micro-vortices,
which form this well. The droplet is confined not only
in the vertical direction but also in the horizontal
plane. As was established in [12], the packet of eigen-
frequencies of horizontal oscillations is mainly in the
range of several hertz. Since the frequency of vertical
oscillations is much higher, the potential well is more
rigid in the vertical direction.
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7. CONCLUSIONS

The presence of a microdroplet in the initially lam-
inar ascending vapor—air flow gives rise to perturba-
tions, which most likely become regular. The question
about the nature of subsequent droplet motion
remains not quite clear. Flow distortions may induce
microturbulent vortices, which form a potential well
around the droplet. However, the droplet oscillations
can also be assigned to the Rayleigh—Taylor instability
(similar to jerky outflow of liquid from a bottle with a
narrow neck). Anyhow, the observation of these phe-
nomena at small Reynolds numbers (Re < 1) is a
unique result.

An attempt was made to detect vertical oscillation
modes based on the original experimental technique.
On the whole, the positions of peaks in the spectra
were found to be reproducible. While carrying out the
study, a problem of spectrum noisiness arose. To solve
it, we performed averaging of spectra over different
clusters with the same number of droplets, as well as
averaging of spectra recorded for the same cluster on
different but close periods of time. This approach is
justified, because the position of the main peaks is
independent on mass. It was found that the period
when the levitation height changes weakly (a situation
implemented in the second half of the observation
period) is more appropriate for analysis. It was shown
that a change in the recording rate does not lead to any
shift of existing peaks or formation of spurious peaks.
Finally, it became necessary to solve the problem
related to the fact that the horizontal motion of droplet
with respect to the observer manifests itself in the
spectra for L according to expression (3). To under-
stand which parts of the L spectrum are related to hor-
izontal swaying, it was necessary to compare them
with the spectra for recognized droplet diameter D,
because the latter oscillates synchronously with the
horizontal motion of droplet (the droplet leaves the
focus, see Fig. 3).

We concluded that the spectral modes at frequen-
cies 0of 41.8 = 0.2 and 49.5 = 0.2 Hz are due to vertical
oscillations. Neither the recording rate nor the num-
ber of droplets affect the position of the corresponding
peaks. The relatively large values (greatly exceeding
the frequencies typical of horizontal oscillations [12])
show that the possible potential well confining the
droplet is more rigid in the vertical direction. To vali-
date the found values for vertical oscillation frequen-
cies, it is necessary to perform more exact observations
using an upgraded technique in order to minimize the
above-described problems hindering the analysis.
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