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ARTICLE INFO ABSTRACT

Keywords: The influence of salt (NaCl) dissolved in water on the behavior of levitating droplet clusters, including the
Droplet cluster formation of equilibrium clusters from saline water droplets during their infrared irradiation, is of interest for
Levitation

further laboratory studies of biochemical processes in individual droplets. Experimental results are presented

Saltwater‘ which show for the first time that even a small salt concentration significantly affects the condensational growth
Evaporation X o . . ' 5 - ) '
Condensation of droplets and their equilibrium size, which is achieved only when the salt concentration is below a certain

threshold value. The dependence of this concentration threshold on the surface temperature of the pure water
layer under the levitating cluster has been determined. Calculations showed that a correct theoretical description
of the evaporation of salt droplets during infrared heating should take into account the asymmetry of the problem
related to non-uniform volumetric absorption of radiation and a higher salt concentration at the upper surface of
the droplet. The proposed approximate model that takes into account the kinetics of water evaporation and salt
diffusion appears to be insufficient to agree well with experimental data. The authors believe that a possible
physical reason for the additional decrease in the intensity of evaporation from the upper surface of the droplet is
the partial crystallization of salt near the droplet surface due to external infrared irradiation.

Infrared stabilization

droplets have time to increase in size due to condensation of supersat-
urated vapor and descend by gravity, approaching the water surface.

1. Introduction The droplets cannot escape the flow of humid air because the pressure of
the surrounding air is noticeably higher. Moreover, the falling water

It is known that chemical reactions are accelerated when reactants droplets collect in the central zone of the flow, where the gas velocity is
are present in microdroplets. The reaction rate increases by orders of higher and the pressure is lower, forming the basis of a cluster. The
magnitude with decreasing droplet size. This interesting phenomenon larger droplets in the central part of the droplet cloud are responsible for
has long attracted the attention of researchers but remains insufficiently the local increase in the gas velocity around them, so droplets located at
studied [1-4]. Laboratory studies require obtaining steadily levitating a greater distance from the vertical axis tend not only to remain in the
small water droplets of a given constant size and temperature with same plane as the larger droplets but also to be as close to them as
dissolved substances contained in the droplets. possible. Thus, the cloud of droplets is transformed into a flat cluster.
Such droplets levitating in an ascending flow of humid air over a The distance between the droplets is determined by the gas flow rate. It
locally heated water surface form the so-called droplet cluster [5-8]. A is interesting to note that the hexagonal structure of ordinary clusters is
normal droplet cluster is a self-ordered hexagonal structure containing changed to a chain structure at a high intensity of evaporation. The
many single droplets. Local heating of the water layer is the main con- physical nature of this reversible transformation is discussed in Ref. [9].
dition for the formation of a droplet cluster [8]. In this case, water The ordered hexagonal droplet cluster grows both due to the joining
evaporates intensively and an upward flow of humid air is produced. of peripheral small droplets and due to vapor condensation, which leads
Because the room temperature is much lower than the humid air tem- to an increase in the size of droplets. There comes a moment when the
perature at the water surface and the air contains dust particles, water most massive droplets coalesce with the water layer and disappear. This
vapor condenses on these particles and small water droplets are formed. limits the cluster lifetime to a few tens of seconds. However, for

The smallest droplets are carried away by the gas flow, while other
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Nomenclature

droplet radius

heat capacity

diffusivity

coefficient in evaporation model
heat transfer coefficient

molar mass

mass rate of evaporation

index of refraction

Nusselt number

pressure

efficiency factor of absorption
integral radiative flux

gas constant

s mass concentration of salt in water
T temperature
t

x

N;ﬁo’uz:s.grxunn
2 7 =

current time
diffraction parameter

Greek symbols

a absorption coefficient

8 thickness of surface layer
K index of absorption

A wavelength of radiation

I3 relative mole fraction
P density

T optical thickness
@ relative humidity
Subscripts and superscripts
air air

av average

diff diffusion

e external

eq equilibrium

ev evaporation

gas gas

K Knudsen

max maximum

mix mixture

salt salt

sat saturation

surf water surface

t total

w water

A spectral

0 initial value

* threshold value

example, external infrared irradiation can completely suppress
condensation growth and then the cluster lifetime is limited by the
period of maintaining the right conditions [10-12].

In the present study, we use a new technology recently developed in
the Laboratory of Microhydrodynamic Technology at the University of
Tyumen (Russia). This technology, described below, is based on the use
of independently generated small droplets delivered to an area above a
heated water layer, where these droplets form a levitating cluster and
grow due to condensation of water vapor from an upward flow of humid
air. The obvious advantage of such a more flexible procedure compared
to the spontaneous formation of a droplet cluster over the heated water
surface is that it is possible to work with a droplet cluster and a layer of
water of different chemical compositions. This possibility was used by
the authors in Ref. [13] to study the first observed self-stabilization of a
cluster of pure water droplets levitating over a layer of water containing
a small amount of salt. In particular, we were able to determine exper-
imentally the minimum salt concentration at which the equilibrium
cluster is formed. Moreover, an analytical model of salt diffusion in the
water layer was developed, which gives the correct values of this
threshold salt concentration for different surface temperatures of the
water layer.

Here we should mention well-known studies of acoustic levitation of
droplets [14-16]. The resulting isolated droplets can also be used to
study some chemical and biochemical processes. At the same time, it
should be noted that it is difficult to obtain spherical droplets that are
not subject to shape change in the acoustic wave field. In addition (and
this is a significant disadvantage of acoustic levitation) the size of levi-
tating droplets decreases rapidly with evaporation, which does not allow
long-term experiments with droplets of constant size. In contrast, the
droplet clusters considered in the present paper, levitating over a liquid
layer in an ascending flow of humid air, can be stabilized by obtaining
steadily levitating equilibrium droplets of constant size.

In the present study, we consider clusters of saltwater droplets
levitating over a layer of pure water. The use of salt water brings us
closer to the practically important case where the droplets contain
water-soluble but not evaporating biological substances. In this case, to
obtain an equilibrium cluster, it is necessary to use external infrared

radiation, which additionally heats the droplets and increases their
evaporation, compensating for the condensation growth of the droplets.
Such a method suggested in Refs. [10,11] was successfully used in
Ref. [12] to obtain stable equilibrium clusters of pure water droplets.
New experiments have shown that salt dissolved in droplets significantly
affects the conditions for obtaining equilibrium clusters. The experi-
mental study and physical understanding of this phenomenon is an
objective of the present study.

It should be noted that the formation and structure of droplet clusters
have attracted the attention of other research groups. In particular, we
can mention the works [17-21], which consider various possible
mechanisms of cluster formation and the use of droplet clusters to solve
some applied problems. However, obtaining equilibrium clusters was
not of interest to the applications considered by these authors.

The authors consider the possible use of stable clusters containing
droplets with various chemical additives or biological inclusions in
studies of the spreading of pollutants or pathogens in the atmosphere.
Note that a recent paper [22] considered the possibility of using isolated
droplet clusters to study processes associated with viral infections. Of
course, viral particles are too small to be directly observed in droplets,
but the transformation of certain organic particles or cells by viruses
attacking these particles inside the droplets can be studied. Such studies
could be useful for understanding the survival conditions of viruses in
microdroplets, which spread easily in the atmosphere.

2. Experimental study
2.1. Experimental procedure

The same experimental setup was used as in the experiments [13] on
the self-stabilization of a droplet cluster over a layer of salt water. In the
selected mode, the piezoelectric dispenser (MicroFab Technologies, Inc.,
USA) generated three jets of droplets of different sizes (Fig. 1). The
droplet size in the stabilized cluster is independent of the initial droplet
size, but different amounts of salt in the generated droplets of different
sizes (from different jets) allowed for experiments for three different salt
concentrations in the equilibrium droplets using the same initial
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Fig. 1. Working volume of the laboratory setup with microdroplet jets from
the dispenser.

solution. Bringing the dispenser nozzle closer to the center of the cuvette
reduces the initial size of the cluster droplets. Note that the flow rate of
humid air ascending from the locally heated water layer under the
cluster is high enough to remove spontaneously condensed micro-
droplets. As a result, the cluster consists of initially injected droplets
throughout the experiment. The cluster was generated over a layer of
pure water with an admixture of a surfactant (sodium lauryl sulfate,
0.02 g/1), which is necessary to suppress thermocapillary flow in the
water layer [23].

The information on the equipment from a recent paper [13] with
minor corrections is briefly reproduced below. The cryothermostat
Piccolo 280 OLE (Huber, Germany) allows stabilizing the temperature of
the water layer in the metal cuvette. A sitall substrate is glued to the
cuvette bottom. The water layer is heated by a laser beam
(MRL-III-660D-1W, manufacturer — CNI, China) aimed at the lower
blackened surface of the substrate. The thickness of the water layer was
controlled by a laser confocal sensor IFC2451 (Micro-Epsilon, USA). The
water surface temperature under the cluster was monitored with a
CTL-CF1-C3 pyrometric sensor (Micro-Epsilon, USA).

Video recording of the cluster image was carried out using an AXIO
Zoom. V16 stereomicroscope (Zeiss, Germany) equipped with a camera
Andor iXon Ultra 888 (Oxford Instruments plc, UK). Two video re-
cordings were made in each experiment. The first one covered the
moment of droplet injection and the initial 220 s of the cluster life,
which allowed, in particular, to measure the initial radius ay of the
droplets and the unchanged mass of salt in the droplet. The second video
recording was made approximately 500 s after the droplet injection. The
radius aq of the equilibrium droplets (average of all droplets in the
cluster) was measured from this video recording.

Four miniature EK-8520 infrared sources (Helioworks, USA) without
focusing optics were used to stabilize the cluster. The radiation sources
were placed symmetrically relative to the vertical axis of the cluster, at
an angle of 23° to the horizontal plane at a distance of 42 mm along their
axes passing through the droplet cluster. As a result, the cluster and the
water layer below it were irradiated almost uniformly. The experiments
were performed at a fixed power of infrared sources (supply voltage 3.00
+ 0.01 V). We used the maximum-power radiation mode to stabilize the
droplet cluster over the widest range of salt concentrations in the
droplets and the surface temperature of the water layer under the
cluster. The radiative flux from the infrared sources to every droplet is
equal to grq = 11.2 kW/m?>.

The experiments were conducted at three different laser heating
powers of the water layer, when the water surface temperature under
the cluster was Ty, = 6041 °C, 65+ 1 °C, and 70 & 1 °C. At the same
time, the temperature at the periphery of the water layer was main-
tained at 10 £1 °C. For each of the mentioned thermal regimes, the
initial mass concentration of salt in the water varied from sy = 0 (pure
water) in steps of Asyp = 0.4 % to so = 2 %. Note that the latter value is
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more than twice the salt concentration in saline solutions used in med-
icine and biology [24].

2.2. Experimental results

Typical experimental curves of condensational growth of salt water
droplets from the initial radius ao to the equilibrium value a., are shown
in Fig. 2a. The concentration of salt in these droplets decreases mono-
tonically from the initial value s to the equilibrium value s.,. Note that
droplets with markedly different initial values of radius and salt con-
centration (variant A, for which ap = 14.6 pm, so = 0.8 % and variant B
- ap =12.9 pm, sp = 1.2 %) turn into equilibrium droplets with very
close values of both a.q and s.q. This is not surprising, since the amount
of salt in the initially larger droplets of cluster A is only 3.4% higher than
in the droplets of cluster B.

Fig. 2 shows the parameters of all droplets of clusters A and B. Ac-
cording to Fig. 2a, at each moment of time, the sizes of the droplets of
each cluster are practically the same. In this connection, it is interesting
to refer to Fig. 3, which gives images of droplet clusters at different
moments in time. At the beginning of the process (at t = 0) the cluster is
still forming, but this process takes less than 5 s, after which the cluster
droplets only increase in size.

Note that cluster stabilization, understood as the establishment of
equilibrium droplet size with equilibrium salt concentration, does not
depend on the number of droplets in the cluster (cluster A has only 10
droplets and cluster B has 12 droplets). This observation is an indirect
confirmation of the validity of one of the basic assumptions of the
physical model considered below, constructed for a solitary droplet.

Fig. 4 shows the dependences of the equilibrium droplet radius a.q on
the mass concentration of salt s dissolved in the droplet for three values
of temperature Ty,s (solid curves with circular symbols). The same
figure shows experimental points for the maximum droplet radius at
high salt concentration when the infrared irradiation used is insufficient
and the droplets coalesce with a layer of water (triangular symbols). As
one might expect, the values of a,,,x do not depend on salt concentration
because the density of water droplets is almost the same at every s < 0.6.
Points of intersection of curves aeq(s) with horizontal lines a = am, at
each of considered values of Ty, give maximum values of salt concen-
tration s,,,x at which the used infrared irradiation of the cluster allows to
obtain an equilibrium cluster. The experimental data presented in Fig. 4
show that the value of s,,,x decreases with increasing temperature Tg,¢.

The region of infrared stabilization of clusters from saline water
droplets under laboratory experiments is presented more clearly in
Fig. 5, for the plotting of which all reported data on equilibrium clusters
were used. Fig. 5 demonstrates that the threshold concentration of salt in
the droplet, s., exceeding which in the experimental conditions does not
allow to obtain a cluster of equilibrium droplets, monotonically and
significantly decreases with increasing temperature of the water layer
surface under the cluster.

3. Theoretical modeling

It seems obvious that the physical model of infrared stabilization of
small clusters of saline water droplets can rely on the assumption of
independent behavior of cluster droplets and refer to any single cluster
droplet. Indeed, the experimental results show that the droplets of the
considered clusters are almost identical and the number of droplets in
the cluster does not affect the equilibrium parameters of single clusters
(compare clusters A and B). This assumption also agrees with the theory
of radiation scattering by groups of particles [25,26] because the hy-
pothesis of independent scattering of radiation (in physical optics,
scattering means both the scattering of radiation itself and the radiation
absorption) is valid for droplets whose size and distance between
neighboring droplets significantly exceed the wavelength of radiation. It
is also obvious that droplets may be considered perfectly spherical. This
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Fig. 2. (a) The condensational growth of droplets and (b) the decrease in the concentration of salt in the droplets in the process of equilibrium cluster formation at

Tourt = 65 °C: A —ap = 14.6 pm, so = 0.8 %, B —ap = 12.9 pm, sop = 1.2 %.
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Fig. 3. Images of clusters A and B (see caption to Fig. 2) at different moments of time.

means, in particular, that the calculation of infrared radiation absorp-
tion of a droplet can be performed using the classical Mie theory
[27-29]. At the same time, the model of isothermal droplets with cen-
trally symmetric evaporation/condensation adopted in Ref. [12] for
droplet clusters of pure water droplets may be unacceptable due to
dissolved salt and more intense infrared heating of the droplet upper
surface by radiation sources located above the cluster. The applicability
of the centrally symmetric model of processes in the droplet is discussed
below.

3.1. Infrared heating of droplets

For calculations of the absorption of external radiation by an opti-
cally homogeneous spherical droplet using the Mie solution, three
dimensionless parameters are necessary: the diffraction parameter x =

2ra/A of the droplet, the index of refraction n, and the index of ab-
sorption « of the droplet substance. The assumption of optical homo-
geneity of a droplet containing a salt solution with mass concentration
s < 2 %, which may be non-uniform over the volume of the droplet, is
based on the extremely weak influence of a small amount of dissolved
salt on the spectral dependences n(1) and x(4) in the part of the infrared
range of interest. The latter statement is confirmed by comparing the
experimental data [30] for pure water and similar data [31] for aqueous
NacCl solution (see Fig. 6).

According to Mie theory, the absorption of radiation in the volume of
a droplet with radius a is characterized by the dimensionless absorption
efficiency factor Q,, which is the ratio of the absorbed radiative flux to
the radiative flux per cross-sectional area za® of the droplet. Thus, the
integral (over the spectrum) power of infrared radiation absorbed by the
droplet is determined as follows:
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where Q, is the average efficiency factor of absorption, I,(4, T.) is the
Planck function for the blackbody radiation of the emitters at temper-
ature T, = 1223 K, and a choice of 1; and 1, is determined by the Planck
function and the spectral dependence of the efficiency factor of ab-
sorption. Note that the influence of a small reflection of radiation from
the water layer under the cluster can also be neglected [12]. The
dependence of Q,(a) calculated by Eq. (1) is shown in Fig. 7. In addition
to the value of Q,, determined, according to Eq. (1), by integration over
the whole spectrum, Fig. 7 shows the dependence of Q,(a) obtained
without taking into account the absorption of radiation by a droplet in
the wavelength range 2.6 ym < A < 3.6 ym, i.e. in the region of the
strongest water absorption band. A comparison of the two curves in
Fig. 7 shows a significant contribution of the absorption band: 25% for
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droplets of radius a = 10 pm and 14% for droplets of radius 30 pm.
Apparently, absorption of radiation by droplets in the water absorption
band deserves special attention.

Generally speaking, the infrared radiation is absorbed nonuniformly
over the volume of the droplet, and this strongly depends on the spectral
interval because of the significant variation of the absorption index
(Fig. 6b). For example, at a wavelength 4 = 2.4 pm we have x = 0.001
and in the absorption band of water, at 1 = 3 pm, we have « ~ 0.3. Both
of these wavelengths are close to the maximum of the Planck function at
temperature T. = 1223 K (according to Wien’s displacement law, the
point of the maximum is at wavelength 1 = 2.37 pm). Therefore, the
blackbody radiation intensity at 4 = 3 pm in only 12% less than at 1 =
2.4 pm.

At x=0.001 water absorption coefficient a; =4zx/1=5.3 x
10%® m~! and optical thickness of the droplet with radius a = 20 pym is
equal to7; = a,a ~ 0.1. At such a small optical thickness, the absorption
of radiation in a large droplet with diffraction parameter x = 53 is very
small (most of the radiation passes through the droplet) and, besides,
because of refraction, according to the laws of geometrical optics, this
absorption occurs far from the illuminated surface [32,33]. On the
contrary, at wavelength 1 = 3 pm, where the spectral radiative flux is
also large, the optical thickness of the same droplet 7, = 25.1 and
practically all radiation except a small reflected one is absorbed in a thin
surface layer of the droplet with thickness §, = 2/a; ~ 1.6 pm. The latter
is extremely important because it means that a considerable part of the
incident infrared radiation is absorbed in the thin surface layer at the top
of the droplet.

For pure water droplets in Ref. [12], the predominant infrared
heating of the surface layer in the upper part of the droplet turned out to
be less important because the radiative flux is half as large as the thermal
effect of absorbed radiation was partially compensated by heat con-
duction. Therefore, the isothermal droplet model proposed in Ref. [12]
described well the experimental data on equilibrium cluster formation.
Perhaps, for saltwater droplets, we should pay attention to another
result of asymmetric radiative heating: more intense evaporation of
water from the upper surface of the droplet increases the local salt
concentration, which is maintained at a higher level, preventing further
evaporation and thereby weakening the stabilizing role of infrared
irradiation. This may be important because of the very small value of the
diffusion coefficient of salt in water. For example, Dy, ~ 3x 1077 m?/s
at water temperature 60 °C [34,35]. However, for saltwater droplets
with a radius a < 35 pm (Fig. 2), the characteristic relaxation time for
salt concentration over the droplet volume tg = a®/Dgqyc < 0.5 s. This
means that the radial salt concentration profile can be calculated in the
quasi-steady-state approximation.

In connection with the discussion of the role of infrared radiation in
the evaporation of droplets, it should be recalled that first-order phase
transitions, such as water vapor condensation, are accompanied by
characteristic infrared radiation. This so-called PeTa effect may be
important for remote sensing of the cloudy atmosphere [36,37]. How-
ever, the radiative heat loss in the range of 4 ym < 2 < 8 ym during
condensation of water vapor does not exceed 3-5% of the latent energy
of the phase transition. Therefore, this effect is neglected in the present
study.

3.2. The centrally-symmetric model

The above arguments in favor of an asymmetric temperature field
and, most importantly, asymmetric salt concentration field in spherical
droplets, including equilibrium cluster droplets, do not exclude
consideration of a simple centrally-symmetric model. Note that a similar
model proved quite successful for pure water droplets [12].

Following [12] we will assume that temperature in small droplets is
uniform due to the significant thermal conductivity of water. It is also
assumed that the concentration of salt in the droplets is uniform. As for
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pure water droplets, the temperature of the droplets, T, and their radius,
a, can be determined by solving the Cauchy problem for the coupled
first-order ordinary differential equations [12,38]:

dT 3 Qaqmd . T— Tair
o 2 (Zd Ll ke . T0) =Ty, 2
Puc dt a < 4 o a > ©) 0 &)
da .
/)WE =, a(0)=ao, 3)

where p,, = 103 kg/m® and c,, = 4.18 kJ/kg are the density and specific
heat capacity of water, m is the mass rate of the droplet evaporation
measured in kg/(m? s), L = 2.26 MJ/kg is the latent heat of water
evaporation, ki = 0.026 W/(m K) is the thermal conductivity of air, and
Tair is the temperature of ambient air. When writing the convective term
in Eq. (2) it has been taken into account that in the Stokes flow regime
around the sphere the Nusselt number Nu =2 and therefore the
convective heat transfer coefficient is expressed ash = Nu x kyir /(2a) =
kair / a.
The value of m is determined by the following equation [39,40]:

. Dvappair n 1 - wa(T (/]K)(/]K
aRair(Tairs (/’air)Tair 1- W(Tain [/)air)(pair/
_ psul(T) Mvap

= YRR 4
Dair Mair(T7 (ﬂ)

w(T, o)

and the relative humidity at the Knudsen layer boundary is calculated
using the mass balance equation:

psat(T)

pall)
/27RT (o

where Dy, is the diffusion coefficient for water vapor in air, Ry =
R/M,i: (R = 8314 J/(kmol K) is the universal gas constant) is the gas
constant for the humid air, p,; is the atmospheric pressure, ps, is the
pressure of saturated water vapor, My,, and My, are the molar masses of
water vapor and humid air, ¢ and ¢,; are the values of relative hu-
midity of air at the boundary of Knudsen layer and outside the boundary
layer of viscous gas flow, respectively. The molar mass of humid air is
calculated as:

DyanPair 1—&,p(T,
) vappm n 5\» l//( Pk )(pK (5)

fé\' EW 1 = N
aRﬂir(Taim (puir)T'dir 1- W(Tain ¢air)¢uir

sat (T
Mair<T-, (ﬂ) :Mair,() - (/I(Mair.() - Mvap) P t( ) 5

©

where My, = 18 and My o = 29 is the molar mass of dry air.
Equations (4) and (5) are only slightly modified compared to the

corresponding equations for the droplet of pure water [12,38] by

introducing the local mole fraction of water in salt solution:

1

M/ (1—s) )

Sw

where Mys = Myap/M;a: = 0.308. This modification corresponds to
Raoult’s law for the effect of water salinity. Since s<1, the formula for
£, can be written as:

£, =1—Mys. (8)

The pressure of the saturated vapor of water is calculated using the
Antoine equation with the parameters reported in Ref. [41]:

12 poat(T) =9.6543 — 1435.264 / (T — 64.848), )

where T is measured in Kelvin and py, is obtained in Pascal. The coef-
ficient f., = 0.0024 in Eq. (5) was introduced in Refs. [40,42] for water
droplets in air to avoid the complicated numerical solution. The above
model agrees well with experimental data of [43].

The balance of evaporation and condensation is written as m = 0,
since this physical quantity is considered as a net mass flow rate due to
evaporation and condensation (m > O for the prevailing evaporation). In



A.A. Fedorets et al.

this case, the temperature of the equilibrium droplet (when evaporation
and condensation of water balance each other), T, is determined from
the balance of heat input by infrared radiation and output from the
droplet to the cooler ambient air with temperature Ty;;:

P(acq) =47al, x Nu 2""‘" (Teq = Tr) (10)

Aeq

where Nu is the Nusselt number, which is equal to 2 for the Stokes flow
regime. As in Ref. [12] we assume that T, = Ty, s because the height of
the cluster levitation is very small [44]. The resulting relation for Teq is
as follows:

deq —

Teq = Tour + %Qa (aeq)qrad~ an

Note that the value of T, does not depend on both the salinity of
water and the air humidity.

Consider the condition of the droplet equilibrium, which follows
from Egs. (4) and (5) atm = 0:

ok = 1. (12)

The resulting equation for the threshold value of the salt concen-
tration is as follows:

wa(Tv (ﬂK)(pK = W(Tairs {/)air)(/)air%

Eu(5) = 0 (T 0) [ (T2, 1), 13)

To verify the physical model discussed above, calculations were
performed for various experimental values of the water surface tem-
perature. As one might expect, the calculations for pure water droplets
gave the correct value of the equilibrium radius of the droplets, coin-
ciding with the experimental value. At the same time, the calculations
showed a very weak influence of salt on the equilibrium radius of saline
water droplets. The computational results for droplets with initial radius
ao = 10 pm over at T, = 65 °C showed an increase in the equilibrium
radius from 16.91 pm for pure water droplets to only 17.14 pm for
saltwater droplets, which is radically different from the significant in-
crease in the equilibrium radius of saltwater droplets observed in the
experiment (see Fig. 4).

3.3. Approximate asymmetric model

The analysis showed that to build a correct model of evaporation of a
droplet of salt water heated from above by infrared radiation, a rela-
tively high salt concentration near the droplet’s upper surface should be
considered. A similar problem was solved in Ref. [13] for a layer of salt
water under a cluster. In both cases, the salt concentration drop is pro-
vided by salt diffusion directed downward.

Strictly speaking, the salt concentration monotonically decreases
along the droplet surface to a minimum value at the lower point of the
surface. Nevertheless, in an approximate model, as in a flat layer of salt
water, we can assume that the salt concentration s, is constant on the
upper surface of the droplet and that the salt concentration is zero on the
lower surface of the same area. The latter assumption is acceptable
because the low salt concentration does not affect the evaporation rate.
The distance between the lower and upper surfaces of the model volume
is assumed to be equal to the diameter of the droplet.

The natural assumption of temperature constancy in a small droplet
of water (due to the high thermal diffusivity) means that the salt diffu-
sion coefficient can be assumed constant over the volume of the droplet.
The calculation of the salt concentration field in a spherical droplet is
rather complicated. Therefore, taking into account considerable uncer-
tainty in the variation of heat transfer conditions along the droplet
surface it makes sense to limit ourselves to an approximate physical
estimate. This estimation is obtained from the solution of the problem
for a flat layer of salt water with a thickness equal to the droplet
diameter. In the quasi-steady approximation, the salt concentration
profile in a flat layer of water can be considered parabolic [13]. Using
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the mass balance conditions on the lower and upper surfaces of the
droplet, one can obtain the following relation for the current value of
Smax (t):

Dsa]l _ 3m(smax) - m(O)

“max - 1
g 4p,, a4

where m(s) is determined by Eqgs. (4) and (5). The doubled factor in the
denominator of the right-hand side of equation (14) is due to the fact
that the areas of the upper and lower surfaces are half of the total droplet
surface for which m(s) values are calculated. Equation (3) can still be
used to calculate the droplet radius, but instead of the former value m
determined by the symmetric evaporation model, the new value of the
total mass rate of evaporation should be used:

_ m(‘vmax) + m(o) .

my= B (15)

Calculation of the salt concentration profile in a droplet of water, for
example, at Ty, = 65 °C gives the value s,,, = 0.98 %, which is signif-
icantly higher than the average salt concentration in a droplet, which is
equal to 0.22%. Nevertheless, as can be seen in Fig. 8, the calculated
equilibrium radius increases from a.q = 16.9 pm for a droplet from pure
water only to a.; = 17.4 pm due to dissolved salt. The latter value is
significantly less than the experimental value a., = 27 pm. However, the
computational model based on the assumption of absence of salt parti-
cles suspended in water as well as a salt crust on the upper surface of the
droplet shows the physically obvious increase of the equilibrium droplet
radius with increasing salt concentration.

One cannot exclude that a possible physical reason for the additional
strong decrease in the intensity of evaporation from the upper surface of
the droplet is the partial crystallization of salt near the droplet surface. It
is known that at a high salt concentration, a gradually compacted solid
crust is formed on the droplet surface, preventing water evaporation.
This phenomenon, studied in Refs. [45-48], was taken into account by
the authors in calculating the heating of seawater droplets in a mist
curtain used for shielding the thermal radiation of large fires [38,49].

In the case of convective heating of relatively large water droplets,
the formation of salt particles from aqueous solution is usually starts at
mass fraction of salt greater than about 26%. In our case, we are dealing
with much smaller droplets than those usually considered in drying
problems. According to Refs. [1-4], the rate of various kinds of trans-
formations, including crystallization of dissolved matter, is much higher
in microdroplets. In addition, in the considered problem, salt water
droplets are heated not due to convective heat transfer from warmer air
near the droplet surface, but as a result of volumetric absorption of

E T T T T T
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pure water
saltwater
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Fig. 8. Calculated time variation of the droplet radius for the infrared irradi-
ation of the droplet cluster levitating over the water layer surface with tem-
perature Ty, = 65 °C.
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infrared radiation in the droplet. Probably, the mentioned circumstances
can lead to the formation of small salt crystals already at a salt con-
centration s~1 %. Of course, this question requires further
investigation.

4. Conclusions

The effect of salt dissolved in water on the formation of equilibrium
droplet clusters was studied experimentally and a theoretical analysis of
the experimental results is given. It is expected that the problem
considered will be important for further laboratory studies of
biochemical processes in the droplets. Experimental results obtained at
different temperatures of the substrate water surface showed for the first
time that even a small salt concentration significantly affects the
condensational growth of droplets and their equilibrium size, which is
achieved only when the salt concentration is below a certain threshold
value.

Two theoretical models that take into account the influence of dis-
solved salt on the stabilization of a cluster of saltwater droplets by means
of external infrared radiation are considered. As expected, the simplest
model, in which the salt concentration was assumed constant over the
droplet volume, gives no significant effect of salt on droplet growth
dynamics. Calculations have shown that it is necessary to take into ac-
count the preferential absorption of infrared radiation in the upper part
of the droplet, which leads to more intensive evaporation and increased
salt concentration near the illuminated surface of the droplet and this
effect is only partially compensated by salt diffusion. These features of
the problem were taken into account in the asymmetric model, which
gave already a noticeable, but much smaller than observed, increase in
the equilibrium size of the saltwater droplets.

In our opinion, the physical reason why the calculation results differ
from the experimental data is due to the assumption that the droplet
does not contain suspended salt particles and that not even a thin crust of
salt forms on its surface. This assumption was based on data for large
solution volumes in which solid particles appear at much higher salt
concentrations. It is likely that the formation of salt particles in micro-
droplets occurs at much lower salt concentrations. Of course, this hy-
pothesis needs to be examined in further studies.
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