
International Journal of Heat and Mass Transfer 133 (2019) 712–717
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Technical Note
On relative contribution of electrostatic and aerodynamic effects to
dynamics of a levitating droplet cluster
https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.160
0017-9310/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Joint Institute for High Temperatures, 17A
Krasnokazarmennaya St., Moscow 111116, Russia.

E-mail address: ldombr@yandex.ru (L.A. Dombrovsky).
Alexander A. Fedorets a, Leonid A. Dombrovsky a,b,⇑, Edward Bormashenko c, Michael Nosonovsky a,d

aUniversity of Tyumen, 6 Volodarskogo St., Tyumen 625003, Russia
b Joint Institute for High Temperatures, 17A Krasnokazarmennaya St., Moscow 111116, Russia
cDepartment of Chemical Engineering, Biotechnology and Materials, Engineering Science Faculty, Ariel University, Ariel 40700, Israel
dDepartment of Mechanical Engineering, University of Wisconsin – Milwaukee, 3200 North Cramer St., Milwaukee, WI 53211, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 December 2018
Received in revised form 26 December 2018
Accepted 27 December 2018

Keywords:
Droplet cluster
Levitation
Evaporation
Condensation
Electric field
New experimental results and their physical analysis are presented to clarify the behavior of a relatively
stable self-arranged droplet cluster levitating over the locally heated water surface. An external electric
field of both opposite directions leads to a significant increase in the rate of a condensational growth of
droplets in the cluster. The experimental data are used to estimate a small electrical charge of single dro-
plets and the attraction force of polarized droplets to the water layer. It is confirmed that the interaction
between the droplets is governed by aerodynamic forces.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

This particular study is a continuation of an experimental
research and physical modeling self-assembled levitating clusters
of droplets generated over the locally heated water surface. The
previous stages of a long-time research initiated by the discovery
of this fascinated phenomenon [1] have been recently described
in keynote presentation [2]. It is clear at the moment that aerody-
namic forces determine both the formation and evolution of the
droplet cluster [2–4]. However, electric charging the droplets dur-
ing their evaporation [5,6] needs independent estimates to clarify a
contribution of Coulomb forces to the quasi-steady cluster param-
eters. In addition, the effect of an external electric field on a droplet
cluster behavior is expected to be interesting for the study of a dro-
plet cluster stability. The above reasons motivated the present
study. The objective of the paper is twofold: (1) to estimate the
own electrical charge of single water droplets in a droplet cluster
and the resulting forces between the droplets and (2) to use new
experimental data for the effect of an external electric field to
explain the main parameters of a stable droplet cluster. It should
be noted that the life of a cluster is usually not long (just a few tens
of seconds) because of condensational growing of droplets and the
resulting coalescence of large droplets with the layer of water. So,
the cluster stabilization is one of the key problems [7–10].
2. Experimental procedure

The experimental equipment used to produce droplet clusters
was described in detail in [10,11]. The cluster of water droplets
was formed over a thin layer of distilled water heated locally from
the solid substrate irradiated from below by a laser beam of diam-
eter about 1 mm. The continuous wave laser KLM-H808-600–5
with the wavelength of 0:808 mm at the working power of
WL ¼ 280 mW was used in all the experiments. The thickness of
water layer was equal to 400 ± 2 lm in all experiments. It was con-
trolled using the confocal chromatic sensor IFC2451 made by the
company Micro-Epsilon (USA). Video images of the cluster were
taken using stereomicroscope Zeiss AXIO Zoom. V16 and high-
speed video-camera PCO.EDGE 5.5C (Germany) with spatial resolu-
tion of 0.6 mm.

Both the design and position of electrodes are schematically
shown in Fig. 1. The lower electrode is a thin metal cylinder (outer
diameter – 8.9 mm, the diameter of central orifice 4.5 mm, and
thickness – 0.7 mm) placed directly under the substrate. The upper
electrode with outer diameter 78 mm and central hole with diam-
eter 6.5 mm was made of fiberglass laminate covered by 18 lm
thick copper layer. The distance between the electrodes was equal
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Nomenclature

E electric field strength
e elementary charge
H height of cluster/droplet levitation (Fig. 1)
h distance between droplet and water layer (Fig. 1)
L distance between centers of neighboring droplets
lU distance between electrodes
q electric charge
R radius of droplet
r radial coordinate
S area of droplet surface
_S rate of increase of droplet surface area
t current time
U� two configurations of electric field and voltage at the

upper electrode
u velocity
W power
z axial coordinate

Greek symbols
c coefficient in Eq. (7)
e dielectric constant
g dynamic viscosity
n coefficient in Eq. (8)
q density
u electric potential

Subscripts and superscripts
ad aerodynamic
b boundary
c coalescence, critical
el electrostatic
dp dipole
dr droplet
L laser
max maximum
z axial

Fig. 1. Schematics of a side view of a laboratory set-up.
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to lU ¼ 8 mm. The external electric field was generated by high-
voltage source HVLAB3000 (ET Enterprises, UK), which is designed
to vary the applied voltage in the range from 0.2 to 3.0 kV. For con-
venience, the variant with a positive electric potential of the upper
electrode relative to the grounded lower electrode will be denoted
by Uþ, and the opposite configuration – U�.

3. External electric field and polarization of water droplets

Before proceeding to experimental results, it seems correct to
calculate the electric field in the location of droplet cluster. This
can be done by a numerical solution of the axisymmetric
boundary-value problem for the Laplace equation for electric
potential u r; zð Þ:
r eruð Þ ¼ 0 ð1Þ
where e r; zð Þ is the permittivity of substances. Note that distilled
water used in the experiments is really a dielectric (in contrast to
water with some impurities). The values of e ¼ 81 for water and
e ¼ 6 for the substrate substance were used in the calculations.
The obvious boundary conditions for electric potential, u ¼ ub or
@u=@n ¼ 0, are used at different parts of the region boundary. The
finite element method (FEM) was employed in the calculations
[12,13]. A non-uniform FEM mesh with 3200 triangular elements
is definitely sufficient for accurate calculations. The numerical
results obtained for Uþ ¼ 1 kV are presented in Fig. 2. The electric
field in the location of cluster is uniform, and the absolute value
of field strength, E ¼ @uz=@z where uz ¼ u 0; zð Þ, is equal to
220 kV/m. The linearity of the problem enables us not to repeat
the calculations at various values of Uþ or U�.

Water droplets of a cluster are polarized in the electric field. The
absolute value of dipole moment of a single spherical droplet with
a radius R in a uniform external field can be calculated as follows
[14]:

P ¼ 4pe0
e� 1
eþ 2

R3E ð2Þ

where e0 ¼ 8:85 � 10�12 F/m is the vacuum permittivity. The surface
density of electric charge of a polarized droplet is proportional to
the cosine of the angle, measured from the vertical axis. Of course,
the charge of the upper and lower surfaces of the droplet is the
same in absolute value and opposite in sign.
4. Experimental results on behavior of droplet cluster

The new laboratory experiments showed a significant effect of
external electric field on coalescence of droplet cluster with the
water later. At ordinary conditions, without any external electric
field, the coalescence of droplet cluster has been studies in detail
[15–17]. The distance h between droplets and water layer
decreases with the condensational growth of water droplets. As a
result, one of the largest droplets touches the surface of water layer
and generates capillary waves which lead to avalanche-like coales-
cence of other droplets. This process changes radically with an
external electric field. Coalescence begins with a significantly
smaller droplet size. This process is illustrated in Fig. 3: the droplet
and its reflection circled in a dashed ellipse in Fig. 3b disappear in
Fig. 3c. The coalescence of a single droplet generates high-
frequency capillary waves of small amplitude without any effect
on the neighboring droplets. The coalescence appears to be similar



Fig. 2. The field of electric potential: a – in the computational region, b – in the cluster location (along the axis r ¼ 0).

Fig. 3. Dynamics of coalescence of a droplet with water layer at Uþ ¼ 1 kV: a – t ¼ tc � 0:5s, b – t ¼ tc � 0:01s, c – t ¼ tc.
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for both Uþ and U� configurations, but the critical droplet radius,
Rc, is greater for the Uþ variant. The time dependences of
h t � tcð Þ are plotted in Fig. 4. Two stages of the process are quite
clear: the relatively slow uniform decrease in the height of the
water droplet levitation is replaced by the sharp decrease in
approximately 0.05 s before the coalescence.

In contrast to the coalescence process, the structure of droplet
cluster is weakly sensitive to the external electric field. A compar-
ison of the cluster patterns at U� 6 0:7 (to avoid the coalescence)
shows only minor changes of distances between the droplets.
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Fig. 4. Time variation of the distance between the droplet and water layer at
U� ¼ 1 kV.
The detailed measurements for the central part of cluster at
U� ¼ 0:6 kV showed only about 1% difference in the values of L
as compared with the case of U ¼ 0. This unexpected result will
be discussed below.

It is known that the rate of droplet growth due to condensation
at ordinary conditions (without an external electric field) is well
described by the d-squared law [18] or its modification called
the elliptic law [19]. Therefore, according to previous papers by

the authors, the value of the surface area rate of growth, _S, is used
to analyze the effect of electric field. As earlier, the measurements
were performed for the central part of the droplet cluster
[8,10,11,20]. The new experimental data are presented in Fig. 5

in the form of ratio of _S= _S0 where _S0 was obtained in the experi-
ment without electric field. The general trend of increasing the rate
of growth of water droplets with the electric field intensity is quite
obvious. It is interesting that the direction of electric strength vec-
tor appeared to be an important factor, whereas the qualitative
effect is the same in both configurations of electric field. The sym-
bols Uþ and U� in Fig. 5 correspond to different signs of the electric
potential of the upper electrode, whereas the potential of the bot-
tom electrode is equal to zero.

One can expect that relatively large growth rate of water dro-
plets in experiments with an external electric field is explained
by the increase in evaporation rate of water layer. It was shown
in early paper [21] that distilled water evaporated much faster in
the presence of a high-voltage electric field in the direction normal
to the water surface. Some details about the ‘‘Asakawa effect” and
its applications can be found in [22–25]. Unfortunately, it is diffi-
cult to measure local increase in water evaporation in a small
hot region just below the cluster. At the same time, the laboratory
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Fig. 5. Effect of electric field on growth rate of water droplets.
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measurements of total evaporation from the whole water layer
didn’t indicate any considerable effect of the electric field. Perhaps,
the increase in local evaporation rate of a hot water takes place but
it is partially compensated by a continuous coalescence of rela-
tively small droplets with the water layer.
5. Analysis of experimental data

The laboratory experiments showed that the external electric
field decreases the critical size of water droplets at the coalescence
beginning. The monotonic dependences of Rc on the local electric
field (see Fig. 6) indicate that the difference between the data for
Uþ and U� is relatively small as compared with the ‘‘U� ” effect.
This can be treated as an insignificant role of the negative electric
charge of droplets as compared with the interaction of polarized
dielectric droplets with water layer. Note that there is no contra-
diction between the relatively fast growth of droplets in the case
of U� configuration (Fig. 5) and the lower values of Rc (Fig. 6).
The latter is explained by an additional force attracting the nega-
tively charged droplets to the positively charged surface of water
layer.

It is interesting to consider the dependences of weight of steady
levitating small droplets on the droplet height of levitation at
rather strong external electric field of opposite directions. Such
dependences together with that for the case without the electric
field are presented in Fig. 7. Note that the droplet weight range
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Fig. 6. Effect of electric field on critical radius of water droplets.
in this figure corresponds to the narrow radius range of
14:8 < R < 18 mm.

Three curves in Fig. 7 are almost parallel to each other and the
upper and lower curves are practically symmetric with respect to
the central one with the ordinate distances between the neighbor-
ing lines D mgð Þ � 0:01 nN. It is clear that the electric charge of all
the droplets is practically the same for water droplets under con-
sideration and can be calculated as follows:

qdr ¼ D mgð Þ=E U�� � � 473e ð3Þ

where e is the elementary unit charge. This value of droplet charge
is in good agreement with an estimate of qdr � 102 � 103e obtained
in papers [5,6] using quite different methods. It should be recalled
that charged water droplets are the ordinary objects in the lower
atmosphere [26–29]. So, the laboratory studies of the effect of elec-
trical charging on behavior of small droplets and their clusters are
also interesting for geophysical applications.

An estimate of the attraction force between a polarized water
droplet and the water layer can be obtained assuming that the
opposite charges of the dipole are located at the upper and lower
points of the droplet surface. Obviously, the effect of upper charge
can be ignored at small values of h comparable to the droplet
radius. To simplify the estimate, one can also assume that the elec-
tric charge induced upon the water layer surface is equal in abso-
lute value to the dipole charges and located just below the droplet.
These assumptions enable us to use the following equations for the
absolute value of dipole electric charges and the attracting force
between the dipole and water layer:

qdp ¼ P
2R

¼ 2pe0
e� 1
eþ 2

R2E

Fmax
dp ¼ 1

4pe0
q2
dp

h2 ¼ pe0
e� 1
eþ 2

� �2

E2 R
4

h2 ð4Þ

The calculated dependences of Fmax
dp hð Þ presented in Fig. 8 indi-

cate a strong increase of the attracting force with decreasing the
distance between typical polarized droplets and a layer of water.
It is important that Fmax

dp is comparable to the gravitational force
at realistic values of h (see Fig. 7). In the case of a stable cluster,
the greatest aerodynamic drag force is equal to the sum of the
gravitational force and the discussed electric attracting force.

Let us proceed to the most interesting problem of a regular and
relatively stable structure of a self-arranged droplet cluster
observed in the experiments. It was noted above that the values
of L at U� ¼ 0:6 kV are practically the same as that without the
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Fig. 7. The weight of a steady levitating droplet as a function of the levitation
height.
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electric field. One can say that additional forces between the neigh-
boring droplets due to their polarization are very small and cannot
affect the cluster structure. However, this argument is insufficient
to explain the small effect of electric field. It is interesting to recall
that the distances between droplets in the ordinary cluster (with-
out an external electric field) are very sensitive to the steam gen-
eration rate controlled by the laser heating power. The latter
statement is clearly illustrated in Fig. 9.

Possible explanation of a very small effect of electric field on
distances between the particle is in the observed strong increase
in the above mentioned strong effect of electric field on the growth
rate of water droplets.

The regime of interaction between the steam flow and water
droplets is mainly determined by the Reynolds number
Re ¼ 2qu0R=g, where u0 is the maximum velocity of steam at the
water layer surface and g is the dynamic viscosity of steam. The
calculations of [11] for maximum heat flux at the surface of water
layer at WL ¼ 280 mW and E ¼ 0 enable us to estimate the values
of u0 ¼ 0:08 m/s and Re ¼ 2:1 � 10�6. This very low Reynolds num-
ber is typical to the Stokes flow regime characterized by a linear
momentum equation. Unfortunately, the spatial arrangement of
water droplets in the cluster, and competitive effects of steam con-
densation and water evaporation, and diffusion in the steam–air
mixture make the computational modeling of the gas flow and
forces between the droplets very complicated. Such a modeling is
Fig. 9. Images of similar droplet clusters at different laser power close to that used in th
panels).
at present not feasible. Therefore, our physical estimates are based
on some relatively simple solutions.

The interaction between two identical spherical particles or
droplets which are held fixed side by side against a uniform stream
directed perpendicular to the line connecting the particles’ centers
was computationally analyzed in papers [30,31]. The calculations
for the range of 10 6 Re 6 150 showed that the two spheres repel
each other when the spacing is of the order of the diameter, and
the repulsion is stronger at smaller spacing between the particles.
On the other hand, the two particles weakly attract each other at
the intermediate separation distances. The numerical results of
[31] for Re ¼ 10 and 50 were slightly corrected in recent paper
[32] and additional results for smaller distances between the par-
ticles showed a significant increase in the repelling force. The cal-
culations of [31] at Re ¼ 5 � 10�7 (in the Stokes regime) showed
that the particles weakly repel each other at all separations. When
the hydrodynamic interaction between the closely spaced particles
becomes negligible, the so-called London–van der Waals attraction
force should be considered [33,34]. This physical limit is important
for small particles suspended in a liquid, but it is not observed in
the case of a droplet cluster.

There are several important differences between interaction of
a uniform flow coming from a large distance to a couple of side
by side particles and the flow around the droplet cluster. Perhaps,
the most important difference is a small ratio of the cluster levita-
tion height to the cluster diameter. A computational modeling the
levitating cluster is definitely beyond the scope of the present
paper. Therefore, our consideration is limited to a comparison of
the Coulomb force between the neighboring charged water dro-
plets and approximate value of the aerodynamic attraction force
between the same droplets. The first of these forces is expressed
as follows:

Fel ¼ 1
4pe0

q2
dr

L2
ð5Þ

Eq. (5) gives the value of Fel ¼ 8 � 10�6 nN at L ¼ 80 mm (we
restrict ourselves by the pair Coulomb attraction of droplets). The
aerodynamic force due to decrease in static pressure of a moving
gas between the droplets can be estimated as:

Fad ¼ q u2
1 � u2

0

� �
2

npR2 ð6Þ

where u1 is the average velocity in the gap between the droplets,
and n < 1 is a dimensionless coefficient. For the hexagonal structure
of droplet cluster, the value of u1 can be calculated as follows:
e present study: a – WL ¼ 250 mW, b – 310 mW (the scale bar is the same for both



A.A. Fedorets et al. / International Journal of Heat and Mass Transfer 133 (2019) 712–717 717
u1 ¼ cu0 c ¼ 1= 1� 4p
3
ffiffiffi
3

p R2

L2

 !
ð7Þ

Bearing in mind that R � L, we obtain:

Fad ¼ qu2
0
4p2

3
ffiffiffi
3

p n
R4

L2
ð8Þ

It is interesting that both Fel and Fad are inversely proportional
to L2. At the same time, the absolute value of the aerodynamic force
is in many orders of magnitude greater than the electrostatic force.
Assuming q ¼ 0:65 kg/m3, u0 ¼ 0:08 m/s, R ¼ 20 mm, and
L ¼ 80 mm in (8), we obtain Fad ¼ 20 mN even at n ¼ 0:01.

The above estimations confirm that aerodynamic forces are
responsible for the interaction between the droplets in the levitat-
ing cluster. Of course, one needs much more sophisticated analysis
to understand the observed spatial scale of the cluster regular
pattern.

6. Conclusions

The analysis of laboratory experiments performed with an
external electric field of various direction and intensity enabled
the authors to obtain the following main results for a typical dro-
plet cluster levitating over the locally heated water surface: (1)
the external electric field leads to a significant increase in the rate
of a condensational growth of water droplets; (2) the negative
electric charge of single droplets in the central part of a cluster is
equal to 473 elementary units of electric charge at the experimen-
tal conditions; (3) the polarization of water droplets results in an
additional attraction force between the droplets and water layer.
This force is comparable to the gravitational force and leads to
early coalescence of small droplets with water layer; (4) the elec-
trostatic force between the droplets is much less that the esti-
mated aerodynamic force which is responsible for the cluster
pattern. The results obtained are expected to be useful for further
theoretical modeling of the phenomenon of levitating droplets
clusters.
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