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INTRODUCTION

Clouds in the atmosphere significantly influence
the energy exchange between the Sun, atmosphere,
and the Earth’s surface. The cloud formation dynam�
ics is controlled by processes of growth and evapora�
tion of water drops. A major role of ionizing radiation
in the cosmic nature of cloud formation and thunder�
storm activity was established, for example, in [1–4]. 

Experimental investigations of water vapor conden�
sation began more than 100 years ago by Wilson [5]. The
dynamics of the water vapor condensation (actual for
realizing cloud formation) in dependence on the type
and the number of condensation centers, temperature
variations, gas�vapor mixture pressure, and the pres�
ence of ionizing radiation was studied, as a rule, with
the use of Wilson chambers of a small volume [4, 6].

In 2010, at V.E. Zuev Institute of Atmospheric
Optics, Siberian Branch, Russian Academy of Sci�
ences, the first version of experimental setup was
designed for study of processes of saturated water vapor

nucleation in atmospheric air, which operated by the
scheme of the Wilson chamber of the second type with
a significantly larger volume of working chambers [7].
This setup allowed experiments on the dynamics of
generation of aerosol particles and drops in a mixture of
saturated water vapor with air of different degree of
purification under adiabatic variation in the mixture
pressure and electron beam exposure [8, 9]. Some
results obtained (for example, the nature of the third
maximum in the diagram of time dependence of the
drop concentration [8]) were not uniquely interpreted
because of their qualitative character. 

In this paper, we describe experimental results on
recording aerosol droplet formations in a mixture of
saturated water vapor with air and binary mixtures with
molecular gases obtained with an improved experimen�
tal complex [7], as well as the results of 3D computer
simulation by the lattice Boltzmann equations (LBE)
and molecular dynamics (MD) methods of super�satu�
rated water vapor condensation on ions. 
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INSTRUMENTATION 

The instrumentation complex (Fig. 1) is intended
for the study of processes of water vapor condensation
and generation of water aerosol in different gases and
gas mixtures with a pressure decrease and under the
impact of a charged�particle beam. It is designed on
the basis of a KA�1 optical cell made from a stainless
tube with an inner diameter of 0.7 m and a length of
112 m. The cell ends are increased in size and have the
form of cylindrical chambers. The diameter of the
chambers is 1.4 m, the length is about 1.5 m. The total
volume of the cell is 45 m3. The cell is divided by bar�
rier (19) into two chambers: small one with a diameter
of 1.4 m and volume of 1.5 m3 and a large one 43.5 m3

in volume. The small (exposure) chamber is intended
for preparing mixtures of air and molecular gases with
saturated water vapor, and the large chamber serves as
a buffer volume, where a controlled release of the gas
mixture from the exposure chamber proceeds. The
chambers are connected with each other through air

valve (10) with a controllable vent rate (MKS Instru�
ments, United States). In the system, as in a Wilson
chamber of the second type, the water vapor saturation
is produced through the pressure unloading from the
small chamber to the large one. 

Air is exhausted from both chambers to a pressure of
10–2 Torr at open vacuum valve (10) through valve (12).
Then, valve (10) is closed and air or a mixture of water
vapor with molecular gas inflow through a system of fil�
ters and valve (11) to the small chamber until the pres�
sure is 500 Torr. The humidity in the small chamber
attains 100%. After that, a controlled pressure release is
performed from the exposure chamber to the buffer,
accompanied by the generation of particles and droplets
inside the exposure chamber.

A small�size electron accelerator [10] is used as an
electrons sources (ES) (14). It emits an electron
beam with an energy of no lower than 80 keV and a
length at half maximum of 15 ns. The beam diameter
at the ES output does not exceed 0.014 m. The beam
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Fig. 1. Layout of the experimental setup: (a) general layout of the setup; (b) flange for connecting the photoelectric spectrometer
of aerosol; (c) cell end: cell (1), photodetectors (2 and 4), block with rotary mirror (3), laser (5), mirror (6), flanges with windows
(7, 8, and 9), vacuum valves (10, 11, and 12), flange for mounting the source of electrons (13), electron source (14), electrode (15),
flange for connecting the photoelectric spectrometer of aerosol (16), tube for air sampling (17), tube for air discharge (18), and
barrier (19). 
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divergence is 48 degrees at an air pressure of 760 Torr
and 15 degrees at a pressure of 250 Torr.

The appearance of big aerosol particles and drops in
the exposure chamber was controlled by variations in
the absorption and scattering of radiation of a single�
mode single�frequency JDSU�1507�2 He–Ne laser
(United States). Laser (5) radiation passed through the
exposure chamber and returned to photodetector (4)
from mirror (6). Photodetector (2) was used for the
control of the laser output power. As photodetectors,
photoelectric multipliers (PEM�79) were used. 

A Scanning Mobility Particle Sizer 5.403 (SMPS)
aerosol spectrometer (Grimm Aerosol Technik, Ger�
many) is used to measure the particle size spectrum
from 10 to 1100 nm; it is connected through flange (16).
The experimental complex includes a vapor generator
Lelit�PS09N (Italy), humidity and temperature sen�
sor E + E Elekrtonik�E33�MFTI (Austria), and vac�
uum gauge Vacuubrand DVR5 (Germany). All win�
dows in the body of the exposure chamber have con�
trolled heating. 

In order to control all sensors of the experimental
complex, a specialized software package was devel�
oped based on LabView. The complex specifications
are given below. 

Techniques for vapor�gas mixture preparation are
described in detail in [8, 9].

EXPERIMENTAL RESULTS 

The experimental generation of a liquid�droplet
aerosol with a dependence on the rate of pressure dis�
charge in a mixture of water vapor with air in the
absence or presence of electron beam exposure is
described in [8, 9]. It was shown in [8] that with a suf�

Overall dimensions, m 112 × 0.7

Overall dimensions 
of the chamber with ES, m

1.6 × 1.4

Vacuum of working chamber, Torr 10–5

Vacuum of buffer capacity, Torr 10–2

Energy of ES electron beam, 
no less than, keV

80

Divergence of electron beam, deg 

at a pressure of 1 atm 45

at a pressure of 0.3 atm 15

ES output electron beam diameter, m 0.014

Frequency of photodetector 
readings, Hz 

1–103

Relative error of photodetector signal 
measurements, %

0.5

Degree of purification of input air, 
no less than, %

99.9

Radiation wavelength, µm 0.63 

Pressure sensor Vacuubrand DVR5

ficiently rapid pressure discharge that provides adia�
batic widening of the vapor�gas mixture in the cham�
ber, three peaks appear in the scattered laser radiation
intensity signal (Fig. 2). 

The first peak appears at 20 s and corresponds to
the generation of water droplets on dust particles [7].
The second peak appears at 40 s as the pressure drops
by 0.72–0.74 as compared to the initial mixture pres�
sure. In this case, water vapor super�saturation is 3.9–
4.50 and corresponds to the super�saturation under
which the condensation of water vapor on ions is
observed [11]. The nature of the third peak at 50 s in
[7] is not ascertained definitely. It is also noted that an
increase in the pressure discharge rate leads to an
increase in the second peak intensity. 

In [7], the formation of particles sized from 10 to
100 nm was studied together with the generation of
droplets in the same experimental setup. A SMPS 5.403
aerosol spectrometer consisting of a selective column,
were the particle sizing takes place, and a recording
block, was connected to the exposure chamber (to
flange (16), see Fig. 1). An aerosol�gas mixture was
sampled from the chamber to the spectrometer through
tube (17), and through tube (18) it returned to the
chamber through the aerosol filter. 

It is shown in [9] that generation of new particles
was always recorded at the pressure discharge from a
level of 500 Torr (Fig. 3). The authors supposed those
particles to be condensation centers that remain from
droplets generated inside the exposure chamber and
partly dried up during their passage through tube (17)
to the aerosol spectrometer. The estimates show that
up to 104–105 80�µm droplets per 1 L of a vapor�gas
mixture appear in the exposure chamber at the pres�
sure discharge. 

When studying the pulse impact of an electron
beam on a mixture of air with water vapor, it was estab�
lished that the intensity of radiation scattered by drop�

2

1

4000

3000

2000

1000

0 10 20 30 40 50 60 70

800

700

600

500

400

300

200

100
0

In
te

n
si

ty
 o

f s
ca

tt
er

ed
 r

ad
ia

ti
on

,

P
re

ss
ur

e,
 T

or
r

Time, s

re
l.

 u
n

it
s

Fig. 2. Intensity of scattered radiation (1) and pressure
drop (2) in the exposure chamber at a rate of pressure dis�
charge of 30 Torr/s.
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lets which are condensed on dust micro�particles (the
first peak in Fig. 2) increases insignificantly. The
intensity of scattering by droplets condensed on ions
increases more than by an order of magnitude in this
case. Figure 4 shows that the impact of an electron
pulse in the volume of the exposure chamber (the air–
water mixture pressure is 370 Torr and relative humid�
ity is 100%) results in generation of many new particles
(∼4000 cm–3). When the electron beam is turned on
again, the concentration maxima of particles gener�
ated decrease. This can be caused by a decrease in the
mixture humidity and precipitation of droplets on the
chamber walls. Aerosol formation in model mixtures
of saturated water vapor with CO2 and nitrogen was
studied with more accurate control of the pressure dis�
charge rate and start. To do this, a pressure discharge
valve (MKS Instruments, United States, type 253B) in
the form of butterfly�shaped shutter with an inner
diameter of 32 mm was installed. Together with the
pressure sensor, the valve allows the computer�control�
lable flow of the gas mixture from the exposure chamber
to the buffer. Its use made the repetitiveness of results no
worse than 90% in a series of 6–10 sequential discharges
at similar initial parameters of the gas mixture in the
exposure chamber (Fig. 5). 

Figure 6 does not show the formation of the drop
fraction (light�scattering intensity) in binary CO2–
H2O (Fig. 6a) and N2–H2O (Fig. 6b) mixtures. 

MD SIMULATION OF THE INITIAL STAGE 
OF NUCLEATION 

As is known, the critical size of a drop nucleus in
vapor sharply increases when saturation decreases
[12]. The appearance of ions in the vapor results in a
decrease in the critical nucleus size. Continuous�field
analogue and thermodynamic techniques allow simu�
lation of the condensation process in the cases where
there are nuclei of submicron sizes in the system, on
which droplets can be generated. The process of
nucleation on ions, where molecules settled down on
an ion number in units or tens, is not considered.
Therefore, in order to describe the initial stage of the
nucleation, the MD method was used. Two models
were actualized: ion in the saturated vapor of polar
molecules and ion in the saturated vapor of nonpolar
molecules with predetermined polarizability. 

The spherical model of a molecule was used. Inter�
molecular forces were presented by two types of poten�
tials. Symmetrical attraction and repulsion were
described by the Lennard�Jones potential. The elec�
tric interaction between polar molecules and mole�
cules and ions were described in the approximation of
the point dipole put at the center of a molecule. 
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The interaction force between a pair of dipoles was
calculated by the formula 

where µ1 and µ2 are the dipole moments of the mole�
cules; r is the radius�vector, and r is the distance
between dipole centers. Forces acting between the
dipole µ and ion were calculated by the formula 

 

where Q is the ion charge. 

For polar molecules, the ion influence is reduced to
their turn under the action of the ion field and drift to
the range of strong field. In calculation of 3D rota�
tions, an algorithm with application of quaternion
algebra was used. 
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In model calculations, which take into account the
polarization of molecules by the ion field, an algorithm
was used which allowed us to calculate the influence of
fields of neighboring dipole molecules on the dipole
moment. When computing the self�consistent field at
the point of molecule location, the fields of an intro�
duced ion and all molecules of the ensemble were taken
into account. At each step of the MD calculation, val�
ues of dipole moments of molecules and of the local
electric field were corrected using the iteration proce�
dure [13], in accordance with new arrangement of mol�
ecules of the ensemble and the ion. Due to polarization
in the ion field, molecules were attracted to the ion. 

The attraction force of a polarized molecule to the
ion is equal to ∼ r–6, while the force of the molecular
attraction is ∼ r–7; therefore, the condensation on the
ion proceeds faster than the density fluctuations in the
vapor. At large droplet radii, the field strength
decreases significantly more slowly than near the ion,
and the growth is mostly determined by intermolecu�
lar interaction forces described by the Lennard�Jones
potential. Figure 7 shows the nucleation in the gas of
nonpolar molecules with constant polarizability. 

In an inhomogeneous field, dipole molecules settle
on an ion. The influence of the electric field on the
dynamics of microdroplet generation is significant as
long as the thickness of the dipole layer is equal to 2–
3 diameters of the molecule. Thus, the simulation
shows that the part of an ion reduces to formation of
the layer of polarized molecules with a thickness of
∼3 diameters of the molecule (droplet nucleus)
around the ion. 

The dynamics of nucleation on ions is studied at
different values of vapor density. In order to record the
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Fig. 6. Time dependence of scattered radiation intensity in
(a) CO2–H2O and(b) N2–H2O mixtures at the pressure
discharge inside the exposure chamber: scattered radiation
intensity (1), pressure drop in the chamber (2), and relative
humidity (3). 

Fig. 7. Droplet around an ion (gray circle) located in the
saturated vapor of neutral molecules polarized under the
impact of electric field of the ion. Plane projection of the
3D�distribution of molecules. 
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dynamics of nucleation on an ion, the number of mol�
ecules inside coordination spheres centered at the ion
was calculated at equal intervals. Sphere radii were
equal to two and four diameters of the molecule. To
decrease the influence of fluctuations of the number of
molecules in a coordination sphere on the result, the
averaging over time intervals, approximately corre�
sponding to 10000 steps in time of MD calculations,
was carried out. Figure 8 shows the time dependence
of the size of droplets generated on ions. For compar�
ison, similar plots are presented for coordination
spheres built around one of the vapor molecules.

The generation of micro�droplets on ion in the
dense gas of polar molecules is calculated at different
values of the vapor density. The calculations show that
the influence of ion results in liquid phase nucleation
on the ion (Fig. 9). 

In an inhomogeneous field, dipole molecules settle
on an ion. The influence of the electric field on the
dynamics of microdroplet generation is significant as
long as the dipole layer thickness is equal to 2–3 diam�
eters of the molecule. At larger droplet radii, the field
strength decreases significantly more slowly than near
the ion, and the growth is mainly determined by inter�
molecular forces described by the Lennard�Jones
potential. 

LBE SIMULATION OF SATURATED VAPOR 
CONDENSATION UNDER THE INFLUENCE 

OF ELECTRIC FIELDS 

The relatively new lattice Boltzmann equations
(LBE) method is a discrete continuum model [14].
Presently, the LBE method can easily be competitive
with common methods of numerical hydrodynamics,
and it is rather preferable in certain regions (mul�
tiphase and multicomponent flows). In the simulation
of phase transitions, the LBE is used as a level set
method for phase interfaces [15–17].

The 3D computer simulation of a two�component
air–supersaturated vapor medium was carried out
accounting for condensation, evaporation, and coa�
lescence of droplets in the electric fields. As a model
system, a medium was considered consisting of inert
gas and saturated vapors capable of being condensed
into liquid. For vapor and liquid, a model van der
Waals equation of state was used. The inert gas was
described by the ideal gas law. 

For nonpolar dielectrics, the Clausius–Mossotti
formula was used as the dependence of the dielectric
constant ε on the volume charge density ρ: 

Here α is the polarizability. 
The dynamics of gaseous and liquid phases was

LBE simulated, and the potential of the electric field
with taking into account the varying dielectric con�
stant was calculated by the Poisson equation 

 

where the electric field vector  ϕ is the elec�
trostatic field potential, and q is the electric charge. 

There appear forces in the electric field acting on
the dielectric: 

Here E is the electric field amplitude. The derivative is
calculated at the constant temperature T.

ε = + αρ − αρ1 3 (1 ).

∇ ε∇ϕ = − π( ) 4 ,q

= −∇ϕ,E

⎡ ⎤⎛ ⎞∂ε= − ∇ε + ∇ ρ⎜ ⎟⎢ ⎥π π ∂ρ⎝ ⎠⎣ ⎦

2
21 .

8 8 T

Eq EF E

60

50

40

30

20

10

0
200 250 300 350 400 450

Time, s

1

2

3

4N
um

be
r 

of
 m

ol
ec

ul
es

1

1

1

2

2

2

3 3
3

3

3

4
4

2

Fig. 8. Number of neighboring molecules in coordination
spheres with the radii R = 2 (curves 2 and 4) and R = 4
(curves 1 and3) of molecule diameters as a function of time
for ion (curves 1 and 2) and vapor molecule (curves 3 and 4).

Fig. 9. Nucleus on an ion (gray circle) in vapor of polar
molecules. Plane projection of the 3D distribution of mol�
ecules. 



ATMOSPHERIC AND OCEANIC OPTICS  Vol. 29  No. 2  2016

GENERATION OF AEROSOL AND DROPLETS IN BINARY MIXTURES 133

The vapor condensation was simulated in the pres�
ence of point charges (ions). The drawing of the
dielectric into the strong field proceeds and results in
the formation of droplets close to ions serving as the
condensation nuclei. Figure 10 shows the positions of
droplets and medium density along the x axis.

In order to take into account thermal processes
during condensation of droplets, a version of the LBE
method was developed. It takes into account heat
transfer [15], in which the level set method is used for
calculation of liquid–vapor interfaces. It does not
require the separation of phase interfaces and impos�
ing boundary conditions on them. The algorithm takes
into account the thermal conductivity, work of pres�
sure forces, and latent heat of a phase transition. 

Figure 11 shows the behavior of two droplets in a
saturated vapor. The temperature of the smaller drop�
let is lower due to evaporation, and the larger droplet
is heated due to the condensation. It was found that
small droplets are cooled and the process of their evap�
oration in near�saturated vapor slows down when con�
sidering the heat of a phase transition. 

CONCLUSIONS

The improvement of the instrumentation complex,
the chamber volume of which multiply exceeds the
earlier ones, allowed us to improve the reproducibility
of experimental data and to widen the range of parti�
cles under analysis from nanoparticles to droplets. 

The dependence of the intensity of droplet�scat�
tered radiation on the ionizing radiation effect is
found. Processes of aerosol formation, clearly seen in
a water–air mixture, are shown to be significantly
weaker in mixtures of water with molecular gases CO2

and N2. The nucleation was observed as the result of
gas medium ionization and relatively smooth relax�
ation of the condensation nuclei with time. We plan to
actualize the step regulation of the electron beam
energy and determine the influence of additions of
easily ionized molecular admixtures on the condensa�
tion of water vapors in air and gas mixtures. 

Generation of a micro�droplet from dense gas mol�
ecules on an ion are calculated at different values of
the vapor density. In accordance with the calculations,
the liquid phase nucleation on ions proceeds faster
than on fluctuations of the vapor density. In an inho�
mogeneous field, dipole molecules settle on an ion.
The influence of the electric field on the dynamics of
micro�droplet generation is significant as long as the
dipole layer thickness is equal to 2–3 diameters of
molecules. At greater droplet radii, the field strength
decreases significantly more slowly than close to the
ion, and the droplet growth is determined in greater
degree by intermolecular forces described by the Len�
nard�Jones potential. 

From the macroscopic point of view, the dielectric
is drawn into the strong field region, which leads to
clusterization of water molecules near ions, which
serve as nuclei of the further condensation. Just this

(a) (b) (c)

(f)(e)(d)

Fig. 10. (a–c) Vapor condensation on an ion and coalescence of charged and non�charged drops; (d–f) density along the sym�
metry axis x. t = 250 (a and d), 1000 (b and e), 3500 (c and f) time steps; 160 × 160 × 160 grid.



134

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 29  No. 2  2016

KLIMKIN et al.

process is observed in mesoscopic LBE calculations.
Then the generated charged droplet attracts the neigh�
boring noncharged ones, which results in their coales�
cence. In addition, large droplets grow due to conden�
sation of saturated vapor. These effects lead to the
growth of the mean size of the droplets. 
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