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Infrared irradiation of a droplet cluster has been used during several years as the main method of pre-
venting coalescence of the cluster with a layer of water. The desired effect is achieved by suppressing
the condensational growth of large droplets. In new experiments, it was first discovered that prolonged
exposure to infrared radiation leads to asymptotic equalization of radii of various droplets. A theoreti-
cal analysis of the experimental results was carried out on the basis of the developed model for tran-
sient heat transfer. The suggested model includes the thermal effect of infrared radiation, the dynamics
of the combined process of evaporation and condensation, as well as convective heat transfer with the
surrounding humid air. When calculating the infrared heating of semi-transparent water droplets, the
spectral composition of the external radiation is taken into account. The evaporation and condensation
of water droplets is considered taking into account the kinetics of the process in the Knudsen layer and
the vapor diffusion in the outer part of the boundary layer. Simple analytical relations are obtained for
the asymptotic equilibrium parameters of small droplets. The numerical data for the time variation in
the size of cluster droplets streamlined by a mixture of air and supersaturated water vapor are in good
agreement with the results of laboratory measurements.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The natural behavior of droplet clusters levitating in an ascend-
ing vapor-air flow over the locally heated water surface is charac-
terized by a fast growing of droplets due to the condensation of
water vapor and the final coalescence of large droplets with the
lower layer of water [1-4]. The suppression of the condensational
growth of water droplets of a cluster with the use of infrared irra-
diation of droplets was observed for the first time in [5,6] and con-
sidered also by the authors in paper [7]. It was shown that the re-
quired power of infrared radiation is only 6% of the power of laser
used for heating of water layer. The authors’ intention to use the
droplets of a cluster as unique biochemical microreactors [8,9] was
a motivation for studying long-term infrared irradiation on cluster
behavior. The observed alignment of sizes of various droplets and
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the dependence of the resulting equilibrium radius of droplets on
the water layer temperature and irradiation intensity are the sub-
jects of the paper.

The objective of the paper is two-fold: (1) to determine exper-
imentally the thermal conditions under which prolonged exposure
to infrared radiation on a levitating droplet cluster leads to the for-
mation of an equilibrium cluster of identical water droplets, (2) to
develop a theoretical model for both the parameters of the equi-
librium cluster and the process of the asymptotic transition of the
cluster to the equilibrium state. Of course, the calculated variations
of the radii of single water droplets over time should be compared
with the results of laboratory measurements.

2. Laboratory set-up and experimental procedure

The schematic of the experiments performed at the Micrody-
namic Technologies Laboratory of the University of Tyumen is pre-
sented in Fig. 1. The thermostatically controlled cuvette of water at
15 °C made it possible to stabilize the temperature regime in the
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Nomenclature

radius of droplet

radius of cluster

specific heat capacity
diffusion coefficient

Fourier number

coefficient in Eq. (4)
convective heat transfer coefficient
thermal conductivity

latent heat of evaporation
mean free path of molecules
molecular mass

mass flow rate of evaporation
u Nusselt number

absorbed radiation power
pressure

efficiency factor

radiative flux

gas constant

temperature

time

diffraction parameter
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Greek symbols

o thermal diffusivity

y coefficient in Eq. (12)
A wavelength

P density

T characteristic time

1) relative humidity

v function introduced by Eq. (4)
Subscripts and superscripts

a absorption

air air

gas gas

ev evaporation

eq equilibrium

K Knudsen

mol molecular

rel relaxation

S surface

sat saturation

th thermal

vap vapor

w water

A spectral

0 initial or reference value

cluster generation region. The water layer thickness of 400 + 1 um
was monitored by an IFC2451 laser confocal sensor (Micro-Epsilon,
USA). The local heating region was induced by a BrixX 808-800HP
laser beam of diameter about 1 mm (Omicron Laserage, Ger-
many) with the wavelength of 0.808 um and maximum power of
800 mW).

Two miniature emitters of infrared radiation EK-8520 (He-
lioworks, USA) were used. At the level of the water surface, the
beam diameter of these emitters exceeded 10 mm. As a result, the
droplets and the underlying water layer were subjected to almost
uniform irradiation (the emission spectrum is presented in [6]). In-
frared emitters were located symmetrically on two opposite sides
and were oriented at an angle of 45° (Fig. 1). The temperature of
water surface under the cluster was monitored by an LT-CF2-C3
pyrometric sensor (Micro-Epsilon, USA; wavelength range from 8
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Fig. 1. The schematic of local laser heating of water and infrared irradiation of levi-
tating droplets. The droplet cluster is shown as several small blue circles just above
the water layer. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

to 14 pum). AXIO Zoom. The V16 stereo microscope (Zeiss, Ger-
many) equipped with an EDGE 5.5C camera (PCO, Germany) was
used for video recording. The experiments were carried out with
distilled water containing natural impurities of surfactants, which
provided suppression of thermocapillary flows.

3. Experimental results

In the case of insufficiently high infrared radiative flux, the clus-
ter droplets continue to grow due to the condensation of water
vapor, and this process will end with coalescence of large droplets
with a layer of water. Obviously, at a certain minimum radiative
flux, a transition to gradual stabilization of a cluster consisting of
droplets of various sizes should be observed. In this case, larger
droplets can decrease in size, and smaller droplets increase. With
prolonged exposure to infrared radiation, equalization of droplets
radii in the cluster and an asymptotic transition to an equilibrium
cluster of identical droplets are expected.

For clarity, from a series of laboratory experiments, we selected
for the present paper the results obtained for a small cluster con-
sisting of six droplets, the sizes of which initially differ signifi-
cantly from each other. The photographs in Fig. 2 taken at vari-
ous stages of the process illustrate the transition to an equilibrium
cluster. The measured current radii of all six droplets are presented
in Fig. 3. The stepwise nature of the curves is a result of the lim-
ited spatial resolution of digital images with a pixel size of about
0.6 pm. One can see that infrared irradiation leads to a decrease
in the radius of droplets 1 and 2 and an increase in the radius of
droplets 4, 5, and 6. The radius of droplet 3 remains constant and
equal to the equilibrium value.

It is convenient to characterize the heating of the water sur-
face under the cluster with the temperature without infrared irra-
diation, Tg, (the laser heating only) and also with the increase in
this temperature, ATs = T; — To, due to absorption of the infrared
radiation. Experiments at different intensities of infrared radiation
showed that there is a boundary separating the region, in which
the condensational growth only slows down (but there is a coales-
cence with the water layer), from the region where the asymptotic
stabilization of clusters is observed. One can see in Fig. 4a that this
boundary is in the narrow range of 6 < ATs/Tsg < 9%. As one can
expect, the minimum equilibrium radius of water droplets, deq, at
this boundary decreases monotonically with the increasing inten-
sity of infrared irradiation. This is illustrated in Fig. 4b, where the
dots show the results of a series of laboratory experiments. Note
that the ratio ATs/Tsg shown on the abscissa in Fig. 4b is propor-
tional to the infrared radiative flux.

For better understanding the results presented in Fig. 4a, it
should be noted that one can obtain different values of the equi-
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Fig. 2. The evolution of droplet cluster during the long-term infrared irradiation.
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Fig. 3. Time variation of radius of water droplets with numbers from 1 to 6 (see Fig. 2). The stepwise nature of the curves is a result of a purely high resolution of digital
image with a pixel size of about 0.6 pm.
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Fig. 4. The equilibrium of irradiated droplet clusters: a - the region of possible equilibrium clusters, b - the equilibrium radius of levitating water droplets. The value of Ty
is measured in °C.
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Fig. 5. A typical upper view of the droplet cluster consisting of a large number
of droplets. The photograph was taken after prolonged infrared irradiation of the
cluster.

librium droplet radius in the region above the boundary curve at
the same temperature Tgy. Obviously, the value of aeq increases at
relatively high values of both Tyy and the infrared radiative flux. In
further analysis, we will distinguish the “small droplets” (at the
boundary curve) and “large droplets” above the boundary curve
with the greater equilibrium radius.

A series of experiments showed that the droplets reach the
same equilibrium radius not only in the case of small clusters, but
also during infrared heating of clusters consisting of several dozen
droplets. Moreover, the effect of the number of droplets in the
cluster on this process is insignificant. It is only important that the
distance between the relatively small equilibrium droplets of wa-
ter turns out to be significantly larger than the size of the droplets
themselves. An example of such a relatively large cluster at the fi-
nal stage of its infrared heating is shown in Fig. 5. It is seen that
the droplets in the central zone of the cluster are almost identical.
The relatively small size of some droplets at the periphery of the
cluster is partly due to the limited diameter of the almost isother-
mal spot of heating the surface of water layer, as well as to the
fact that the peripheral droplets only recently joined the cluster
and did not manage to reach the equilibrium.

4. Absorption of infrared radiation by water droplets

Strictly speaking, the radiation absorption by single droplets de-
pends on the neighboring droplets and the closely spaced surface
of water layer. In the cluster under consideration, the droplets are
larger than the radiation wavelength and they are relatively far
from each other. Therefore, the hypothesis of independent scatter-
ing is acceptable to calculate the absorption of infrared radiation
by single water droplets [10-13]. The far-field effects due to the
regular position of the droplets are not important in the problem
under consideration. The effect of water layer is also negligible be-
cause of a small reflectance in the near-infrared spectral range. As
a result, the absorption of infrared radiation by spherical droplets
in the cluster can be calculated using the classical Mie theory [14-
18]. Most likely, the hypothesis of independent scattering of in-
frared radiation by single water droplets is not true in the case of
clusters containing closely spaced droplets with sizes comparable
with the wavelength. However, only the clusters like that shown
in Fig. 2 are considered in the present paper.

The Mie solution can be used to calculate the radiation field
inside a homogeneous spherical particle at arbitrary external ir-
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radiation [18-21]. In the problem under consideration, we should
take into account the spectrum of the emitters of infrared radiation
and integrate the absorbed radiation power over the spectrum as
it was done in paper [6]. The additional calculations for one in-
frared emitter and water droplets with two different radii are pre-
sented in Fig. 6. The spectral optical constants of water reported in
[22,23] were used in the calculations. The normalized values of ab-
sorbed power, P (in conventional units), are plotted in this Fig. 6.
The field of the absorbed radiation power is more uniform when
the droplets are irradiated by two infrared emitters with the angle
7 [2 between their axes (as shown in Fig. 1). The incident radiation
is nonuniformly absorbed in the volume of semi-transparent wa-
ter droplets. As predicted by the Mie theory, the number of par-
tial waves which contribute to the internal radiation field is de-
termined by the diffraction parameter of the droplet, x = 2mwa/A.
Therefore, the spatial variation of the absorbed radiation in the
droplet of radius a = 20pm is much more complex than that for
the droplet with a = 10um [18]. However, this cannot affect the
temperature field in the droplets because of heat transfer by con-
duction and convection. The non-uniform distribution of evapora-
tion and condensation over the droplet surface seems to be even
more important. Note that the measurements of surface tempera-
ture of water droplets in a cluster without infrared heating [24] in
the range of 30 < a < 60um can be extrapolated to the smaller
values of droplet radius. The resulting difference between the min-
imum temperature at the top and the higher “equator” tempera-
ture of the droplet of radius a = 20um is about 3 °C. Obviously, this
temperature difference is much less in the case of infrared heating.

Thus, the following hierarchy of spatial scales inherent
for the droplet cluster under infrared irradiation emerges:
b> >a> > A> > 1 where b is the radius of the cluster and
[ ~ 0.2um is the mean free path of water vapor molecules at the
atmospheric pressure.

Consider also that the characteristic time scale, T, of the
thermal equilibration is “short” even for relatively large droplets.
Indeed, this time scale may be roughly estimated from the
equation Fo = a1, /a®* =1, where a = ky/(pwCw) is the thermal
diffusivity of water and Fo is the Fourier number. Substitut-
ing & =1.5-10""m2/s and a =50um yields T = 17ms, which is
much smaller than the characteristic time scales of thermal pro-
cesses addressed in the paper. The hierarchy of time scales in
the problem under consideration can be presented as follows:
Teq > > Tgyh > > Trel > > Ty, Where Teq is the time to reach
the equilibrium droplet radius, ty, is the time to reach the equi-
librium droplet temperature, and 7, is the mean time of the free
path of water molecules.

It the case of small isothermal droplets, it is sufficient to esti-
mate a contribution of infrared radiation to the thermal balance of
a droplet using the average efficiency factor of absorption:

_ Ay Ay
Qa(a) = /A Qu(A. a)gydi/ /A g.dA (1)

where Q, is the spectral efficiency factor of absorption of a uniform
spherical particle introduced in the Mie theory and g; is the inci-
dent spectral radiative flux. The spectrum of the infrared emitters
is similar to that of the blackbody at temperature 1223 K, and this
determines a choice of A; and A, in the calculations. The Planck
function for the blackbody radiation was used instead of g, in the
calculations based on Eq. (1). The calculated monotonic increase in
Q. with the droplet radius (Fig. 7) is explained by increasing the
optical thickness of semi-transparent water droplets [18]. The re-
sulting increase in contribution of infrared radiation to the heat
balance of a water droplet with increasing the droplet size should
be taken into account in the heat transfer model.
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Fig. 7. The spectrally averaged efficiency factor of absorption for irradiated droplets of water.

5. Theoretical and computational analysis of heat transfer

A theoretical model for estimating the equilibrium radius of
water droplets in a cluster should take into account the interaction
of all thermal processes, including evaporation and condensation at
the droplet surface, as well as convective heat transfer with an as-
cending flow of a mixture of water vapor and ambient air. It should
be recalled that not only the absorption of the incident infrared ra-
diation, but also the other components of the heat balance depend
on the droplet size. Note that a similar effect of thermal radiation
on size of water droplets takes place in the atmosphere and in di-
verse engineering problems [25-30]. At the same time, there is an
important difference between water droplets in atmospheric mists
or clouds and water droplets in the specific levitating cluster con-
sidered in the present study. The droplet cluster is a self-arranged
regular structure of droplets levitating in a plane parallel to the
substrate layer of water. From the radiation point of view, there is
no multiple scattering of radiation (visible or infrared) in the clus-
ter and the diffuse radiation field is not formed in the droplet clus-
ter (in contrast to the natural mist and clouds). The droplets of the

levitating cluster are formed and supported by evaporation of the
water layer under the cluster. In other words, the locally heated
water layer and the droplet cluster form a single system in which
the parameters and behavior of water droplets are determined by
the features of heating and evaporation of the water layer. Obvi-
ously, the effect of external infrared heating of a droplet cluster is
quite another physical problem that those considered in studies of
atmospheric mists or clouds.

5.1. Transient heat transfer model for single water droplets

It is assumed that time variation of both the size and tem-
perature of a single droplet in the so-called “small cluster” [31-
33] can be considered independently of the presence of neighbor-
ing droplets. In other words, the droplets do not affect the param-
eters of each other, and the parameters of these droplets in the
case of an external infrared irradiation can be calculated without
account for the effect of other droplets in the cluster. The same
value of the equilibrium radius obtained for the central droplet and
peripheral droplets (see Fig. 2) can be treated as an indirect con-
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firmation of a weak thermal interaction between the neighboring
droplets. It goes without saying that any heat transfer model for
single droplets cannot be applied to the recently studied chain-like
clusters [34].

In the present paper, we consider the cluster composed of
“thermally” small droplets. This enables us to neglect the tem-
perature difference in the droplet and assume that the droplets
are almost isothermal. The parameters of a single spherical water
droplet with initial values of radius ay and temperature T, under
the infrared irradiation are determined by the following equations:

dar  3/Q ) T-T,
Pun gy = 2 (leq + 1L — Kgas - gas) TO)=T (2)
da .
Pw g =M a(0) = ag (3)

where pw and cy are the density and specific heat capacity of wa-
ter, q is the integral (over the spectrum) infrared radiative flux to
the droplet from two infrared emitters (the value of q was deter-
mined using the specification of infrared emitters), m is the result-
ing mass flow rate of water vapor toward the droplet due to con-
densation and evaporation, L is the latent heat of water evapora-
tion/condensation, kgas is the thermal conductivity of ambient gas
mixture (humid air), Tgas is the gas temperature outside the ther-
mal boundary layer. The coefficient in the last (convective) term of
Eq. (2) is written for the Stokes flow regime characterized by the
Nusselt number Nu = 2ah/kgas =2, where h is the convective heat
transfer coefficient.

It was shown in the early papers [35-37] that first order phase
transitions such as condensation of water vapor are accompa-
nied by characteristic infrared radiation. This phenomenon, some-
times called the PeTa effect (this abbreviation means Perel'man-
Tatarchenko’s effect), is really important for remote sensing of
the cloudy atmosphere [38-40]. However, according to [37,40],
the radiative heat losses in the infrared wavelength range of
4 < A < 8um during the condensation of water vapor do not ex-
ceed 3-5% of the latent energy of the phase transition. Therefore,
the PeTa effect is neglected in the heat balance equation.

The Cauchy problem (2)-(3) for the coupled ordinary differen-
tial equations was solved numerically using the classical Runge-
Kutta iterative method (RK4) and the corresponding standard com-
puter code. It should be noted that Eq. (2) has features typical of
the transient energy equation, which describes the thermal state of
an evaporating or condensing small particle or thin film, character-
ized by low heat capacity. A very large value of the latent heat of
evaporation leads to the fact that at the beginning of the process
the corresponding term of the energy equation dominates and the
role of the remaining terms on the right side of the equation is in-
significant. This leads to a fast variation in temperature during the
initial period when the droplet size or film thickness changes only
slightly.

As will be shown below, in the problem under consideration,
this means a fast transition to the equilibrium temperature of the
droplet. It is interesting to recall the known effect when the forma-
tion of self-assembled patterns on the surface of a drying polymer
film (the so-called “breath figures”) is explained by a fast evapo-
rative cooling of the film to the dew point and subsequent con-
densation of small water droplets from the surrounding humid air
[41-43].

The coupled Egs. (2) and (3) should be completed by a model
for water evaporation and condensation. The physical model can-
not be based on the diffusion approach only and should take into
account the kinetic processes in the so-called Knudsen layer at the
droplet surface. This has been discussed in the early monograph
by Fuchs [44] and was confirmed later by numerous experimental

studies. The mass flow rate of water vapor is determined by the
following equation, which is true at arbitrary relative humidity of
ambient air [45-47]:

= Dpgas 1 - (T, o)k
aRgas (Tgas, Pgas) Teas 1 — ¥ (Tgas, Pgas) Pgas
w(T’ §0) _ psat(T) Mvapor (4)

Pgas  Mgas(T, @)

where D is the diffusion coefficient for water vapor in air, Rgas is
the gas constant for the humid air, pgas is the gas pressure, psat
is the pressure of saturated water vapor, Myap and Mgas are the
molecular masses of water vapor and humid air, ¢x and @g,s are
the values of relative humidity of air at the boundary of Knudsen
layer and outside the boundary layer of viscous gas flow, respec-
tively. The relative humidity at the Knudsen layer boundary is de-
termined from the mass balance equation:

fev psat(T)

/27T RyapT
_ ngas 1- K”(T, <.0K)<.01<

aRgas (Tgas, Pgas)Teas 1 — ¥ (Tgas, Pgas) Pgas

This equation was used to determine the value of @y. This was

done at every time step of the iterative computational procedure.

The known equations for the molecular mass and gas constant of
humid air are:

(px— 1)

(5)

R
Moas (T = — Roas (T
zas (T, ) Rgas (T, ¢) zas (T, )
_np. Myapor \ Psat(T)
= Rair/ (1 B 90(1 - M, ) Dgas (6)

where R = 8314 ]/(kmol K) is the universal gas constant. The pres-
sure of the saturated vapor of water is calculated using the An-
toine equation with the parameters determined on the basis of
early data reported by Stull [48], as it was done in paper [29]:

1435.264
T —64.848

where T is measured in Kelvin and psa is obtained in bar (10° Pa).
The dimensionless coefficient fey in Eq. (5) was introduced in pa-
pers [47,49] to avoid very time-consuming numerical solution for
the coupled Boltzmann kinetic equations. Strictly speaking, the co-
efficient fey is a function of the condensation coefficient, the ratio
of partial pressures of water vapor and air, and the temperatures of
the interface and ambient medium. However, one can use the con-
stant value of fey = 0.0024 for water droplets in air [49]. Note that
the above model has been validated by comparison with experi-
mental data of [50] for evaporation of water droplets in ambient
air. The model with the above constant value of fe, is expected to
be a reasonable approach in the range of the main parameters of
the problem under consideration.

1g psat (T) = 4.6543 — (7)

5.2. The equilibrium conditions for small droplets

Obviously, the above formulated problem has an asymptotic so-
lution at t — oo corresponding to the equilibrium values of both
the radius and temperature of water droplet. The equilibrium con-
ditions are 1 =0 and T = 0. The resulting energy balance for the
equilibrium droplet with radius aeq and temperature Teq is as fol-
lows:

0.75Qaq = 3kgas (Teq — Tgas)/deq (8)

In further analysis, we assume that Tg,s is equal to the mea-
sured surface temperature of water layer, Ts. This assumption
seems to be realistic because the height of the cluster levitation
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is comparable with the droplet size [51]. In this case, Eq. (8) is
sufficient to obtain the value of Teq for every value of deq:

%1 0.

Teq = T
eq s+ 4kgas

(9)

According to Egs. (4) and (5), the conditions of mass balance at

the droplet surface are:

¥ (Teq: o)k = ¥ (T, Pgas ) Pgas

ok =1

(10)

After simple transformations, one can obtain the following sim-

ple equation for @gas:

Qgas = Psat(Teq)/ Dsat (Ts)

(11)

Let us consider several variants of experimentally observed
equilibrium droplets. These variants are specified in Table 1.

The following values of physical parameters are used in
subsequent calculations: D = 2.6-107>m?[s, Ryap = 461.7]/(kg K),

Table 1
The experimental parameters for the minimum radii of
equilibrium water droplets.

Ty, °C 473 523 576 612 667
¢, mW/mm? 301 385 419 486 558
Geq, 1M 94 995 1085 114 135

Rair = 286.5]/(kg K), Pgas =0.1 MPa, kgas = 0.026W/(m K), pw =
103kg/m3, cy = 4.18K]/(kg K), and L = 2.26 MJ/kg. For the simplic-
ity, the insignificant effect of temperature on the above thermal
properties is not considered in the approximate numerical calcu-
lations. The results of calculations with the use of Egs. (9) and
(11) are presented in Fig. 8. As one can expect, both the radius
and temperature of equilibrium droplets are almost directly pro-
portional to the oversaturation of water vapor in ambient humid
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Fig. 10. Calculated time variation of temperature of water droplets: 1, 2, and 3 are
the variants with different initial radii of water droplets.

air (Fig. 8a). According to Eq. (9), the monotonic increase in Teq
with aeq is also observed (Fig. 8b). This is explained by a contri-
bution of both terms in the right-hand side of Eq. (9) because the
increase in aeq is related with the increase in Ts (see Table 1). Note
that the equilibrium temperature of the droplets is only slightly
higher than the surface temperature of the lower layer of water.
This is also quite clear from Eq. (9) because of very small value of
the equilibrium radius of the droplets.

It should be noted that the local oversaturation of water vapor
in the gas flow is typical for droplet clusters. Indeed, just this over-
saturation is the only physical reason for the droplet growth in the
case when there is no external infrared heating [5].

5.3. Numerical analysis of a transition to the equilibrium

The time dependences of radius calculated for larger droplets
using the theoretical model (2)-(5) and the known function of
Qa(a) are presented in Fig. 9. The calculations were performed

68.8

68.7 4

68.6 E

12 16 aeq, um 20

for three variants of experimental conditions corresponding to the
droplets with numbers 2, 4, and 5 in Figs. 2 and 3 (the numbers
of these variants are 1, 2, and 3, respectively). The time interval
of 0<t<30 s was not considered because of variable experimen-
tal conditions during this period. The further process was charac-
terized by the constant values of both Ts = 69.3 °C and q = 5.58
mW/mm? for all the variants.

The predicted equilibrium parameters of the droplets under
consideration are deq~18.8 pm and Teq = 68.9°C (@gas,eq~1.03). The
initial temperature of the droplets (at t = 30 s) does not affect the
calculated dependences of a(t) because the equilibrium tempera-
ture is reached very fast (see Fig. 10). As discussed above, such a
result is typical for the problems of evaporation and condensation
due the very high latent heat of the phase change.

The discrepancy between the computational and experimen-
tal results for the droplet radius (Fig. 9) is explained by the as-
sumption of the same equilibrium humidity of ambient air dur-
ing the process for different droplets. Obviously, this assumption
is acceptable for variant 2 only when the initial radius of water
droplet of ag = 17.6pum (at t = 30s), which is close to the equilib-
rium value of the droplet radius. On the contrary, water droplets
with ap = 16.17pm and 19.9um (variants 1 and 3) are characterized
by considerable condensation and evaporation, respectively. This
means that the relative humidity of ambient air used in the cal-
culations should be corrected.

It is interesting to look at the calculated dependences of
Teq(aeq) and @gas, eq(@eq) for the conditions of the experiment un-
der consideration: Ts = 69.3 °C and q = 5.58mW/mm?. These de-
pendences presented in Fig. 11 are almost linear and can be sim-
ply approximated. The equilibrium temperature of water droplets
increases slightly with the droplet radius (Fig. 11a), and this mi-
nor effect is not important for the computational modeling. On the
contrary, the increase in the humidity of ambient air leads to a
considerable increase in the equilibrium droplet radius. The com-
putational data for the relative humidity presented in Fig. 11b can
be approximated as follows:

Pgas.eq(deq) = 1+ 0.01 (1.7‘2ﬂ - 0.5) a) < Geq < 20, (12)
1

2.0 1 B

o
12 16

a,,m 20

Fig. 11. Effect of radius of equilibrium water droplets on (a) the droplet temperature and (b) the humidity of ambient air.
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Fig. 12. Time variation of droplet radius during the infrared heating: comparison of (A) experimental data and (B) numerical prediction based on the corrected model: 1, 2,

and 3 are the variants with different initial radii of water droplets.

where a; = 10pm.

Of course, at constant atmospheric pressure, the current rela-
tive humidity of air surrounding the water droplets is determined
mainly by the surface temperature of water layer under the clus-
ter. At the same time, the predominant evaporation and conden-
sation of non-equilibrium droplets affect the value of @gs out-
side the thermal boundary around the droplet. It is natural to as-
sume that the relative humidity of air surrounding non-equilibrium
droplets during their predominant evaporation or the condensa-
tional growth is intermediate between the quasi-steady value for
the current droplet size and the limiting value reached for the
equilibrium droplet. This can be written as follows:

®gas(t) = ¥ Pgas.eq(@eq) + (1 — ¥ )Pgas,eq (@) (13)

Obviously, one can use the value of y = 1 when the initial value
of droplet radius is close to the equilibrium value, whereas y < 1
is a better choice in the case of a significant difference between the
initial and final radii of the droplet. A comparison of the corrected
computational model (according to Eq. (13)) and the experimen-
tal data for the radii of water droplets is presented in Fig. 12. No
correction was used in calculations for variant 2 (y = 1), and the
values of y = 0.4 and y = 0.6 were chosen for variants 1 and 3.
The numerical results indicate that the suggested correction of the
current relative humidity of ambient air enabled us to get good ac-
curacy of the computational predictions during the entire process.
This confirms an important role of humidity of ambient air in the
process of reducing or increasing the size of water droplets in the
cluster.

6. Conclusions

The asymptotic behavior of the levitating droplet cluster stabi-
lized by a long-term infrared irradiation was experimentally stud-
ied for the first time. The monotonic decrease in the equilibrium
size of water droplets with the intensity of incident radiation was
obtained.

The developed theoretical model for transient heat transfer
takes into account the thermal effect of infrared radiation, the dy-
namics of evaporation and condensation, as well as convective heat
transfer with the surrounding humid air. Simple analytical rela-
tions are obtained for the asymptotic equilibrium parameters of
small droplets.

The numerical data for the time variation in the radius of small
cluster droplets in the ascending flow of a mixture of air and water
vapor are in good agreement with the results of laboratory mea-
surements. The problem analysis confirms the important role of
the local overheating of the lower layer of water on the degree of
oversaturation of water vapor and the resulting parameters of the
droplet cluster.
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